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Abstract 
This thesis examines a number of topical studies in the field of tumor immunology focusing on two 
immune checkpoint receptors, CD96 and T cell immunoglobulin and ITIM domain (TIGIT). Both 
receptors belong to group of cell surface receptors that bind nectin and nectin-like ligands and they 
have recently emerged as attractive targets in cancer immunotherapy. Here, their role in anti-tumor 
responses and immune homeostasis are studied. 
Immune checkpoint blockade (ICB) targeting PD-1, PD-L1 and CTLA-4 has demonstrated 
unprecedented efficacy against wide variety of malignancies compared to previous cancer therapy 
approaches. In addition, anti-tumor efficacy was enhanced by simultaneous co-blockade of PD-1 and 
CTLA-4 supporting combinatorial targeting approaches in cancer patients. However, this 
combination therapy was also associated with an increased spectrum of treatment-related toxicities 
termed immune-related adverse events (irAEs). Furthermore, there is still a significant number of 
patients that do not respond to the currently available therapy targeting immune checkpoint receptors 
indicating a need to explore new therapeutic targets with greater therapeutic windows (high anti-
tumor efficacy versus low level of irAEs). In Chapter 3, we utilized two mouse strains deficient for 
PD-1 and CD96 or TIGIT and CD96 to evaluate how targeting these receptors in combination affects 
immune homeostasis and thus the possible development of immune related toxicities following co-
targeting of these receptors. Encouragingly, neither strain of mice displayed exacerbated changes in 
their immune homeostasis or enhanced immune-based disease development compared to mice 
deficient for PD-1, CD96 or TIGIT alone even when aged for 22 months. This suggested that co-
targeting these receptors might not induce serious immune-related toxicities. In addition, in Chapter 
4, we utilized the same mouse strains to evaluate how targeting CD96 in combination with PD-1 or 
TIGIT affects the growth of subcutaneous tumors. Interestingly, mice deficient for PD-1 and CD96 
showed superior immune resistance to tumors where both CD8+ T cells and NK cells have been 
reported to be the main cell types controlling tumor growth. The tumor resistance of Pdcd1-/-CD96-/- 
mice required CD8+ T cells, NK cells and IFNγ and seemed to be due to increased CD8+ T cell to 
Treg or CD11b+GR-1hi myeloid cell ratios in the tumor microenvironment. These results suggested 
that co-targeting PD-1 and CD96 enhanced anti-tumor response over targeting PD-1 alone in certain 
tumors, without causing serious immune-related toxicities and thus we are encouraged to develop 
PD-1/CD96 co-blockade in a clinical setting.     
Multiple myeloma (MM) is a common haematological cancer that is caused by the proliferation of 
malignant plasma cells in the bone marrow (BM) which secrete circulating monoclonal antibodies 
(M-proteins). Despite the use of transplantation and discovery of novel MM therapies such as 
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proteasome inhibitors and immunomodulatory drugs (IMiDs), MM is still largely incurable and thus 
there is a vital demand for more effective treatments. Immunotherapy, including ICB, is currently 
being explored in the treatment of MM. However, PD-1 blockade failed to induce response as a single 
agent indicating that other immune checkpoint pathways might be dominating in the MM tumor 
microenvironment. In Chapter 5, we utilized two mouse models of MM to assess the role of TIGIT 
as a possible target in MM therapy. We observed that TIGIT expression on CD8+ T cells increased 
with MM development and correlated with tumor burden. Interestingly, deficiency or blockade of 
TIGIT significantly decreased tumor burden and prolonged survival of mice challenged with MM. In 
addition, TIGIT was also highly expressed on BM CD8+ T cells isolated from MM patients and was 
associated with decreased effector cell functions. Furthermore, human anti-TIGIT mAbs significantly 
increased cytokine production and degranulation of MM patient CD8+ T cells.  These results 
suggested that the TIGIT pathway has a predominant inhibitory role in the MM tumor 
microenvironment. Importantly, our results demonstrated for the first time that TIGIT blockade 
enhanced anti-myeloma immune responses in mouse models of MM and improved MM patients´ 
CD8+ T cell effector functions, thus providing a strong rationale for developing anti-TIGIT mAbs for 
the treatment of human MM. 
Overall, the findings presented in this thesis contribute by improving our understanding of tumor 
immunology and the development of ICB as a novel cancer therapy. 
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1.1 Introduction 
The development of cancer in humans is a multi-step process which mirrors the genetic changes 
driving the transformation of a healthy cell into a malignant one1. This process has been paralleled to 
Darwinian evolution in which each successive genetic alteration provides another growth advantage 
for the cell and thus the fittest cell will form a genetically distinct group of cells leading to the growth 
of a tumor2. In addition to the malignant cells, tumors contain a variety of different cell types such as 
tissue-specific mesenchymal support cells, cells of the vasculature and lymphatic systems and 
immune cells which together form a complex network of interactions3.  A myriad of cancer types has 
been identified in the human population reflecting the fact that almost any somatic cell type can form 
a malignancy. However, all these cancer types share the same hallmarks of cancer: sustaining 
proliferation, circumventing growth suppression, escaping from cell death, requiring replicative 
immortality, inducing angiogenesis and enabling tissue invasion and metastases4. In 2011, two more 
features were added to the list of hallmarks, re-programming energy metabolism and evading immune 
eradication to better describe the nature of cancer development3.   
All types of immune cells can be found in different cancer types5. These include lymphocytes such 
as T cells, natural killer (NK) cells, B cells, cells of the myeloid lineage such as macrophages and 
dendritic cells (DC) and the cells of the granulocytoc lineages including eosinophils and mast cells. 
The immune cell types found in tumors vary widely between tumor types and also have distinct 
heterogeneity between patients with seemingly identical cancers. In the majority of cancers where the 
immune cell composition has been examined, a strong infiltration of memory CD8+ T cells and a T-
helper 1 (Th1) orientation correlates with favourable prognosis while an infiltration of T-helper 2 
(Th2) or T-helper 17 (Th17) cells generally correlates with poor prognosis in terms of progression 
free and/or overall survival5. Understanding the role of the immune cells in the tumor 
microenvironment has been the fundamental goal of tumor immunology since its inception. It is now 
known that the immune system is able to recognize and eliminate transformed cells, and thus operates 
as an extrinsic tumor suppressor in a process known as cancer immunosurveillance6. Further, besides 
directly targeting the malignant cells, the immune system also protects the host from virus-induced 
tumors by killing infected cells and inhibits tumor-promoting inflammation by eliminating pathogens 
and by effectively clearing existing inflammation.    
It is now appreciated that besides cancer immunosurveillance, the immune system can also promote 
tumor progression through chronic inflammation, shaping tumor immunogenicity and suppressing 
anti-tumor immunity. This dual role of the immune system in suppressing/promoting tumor growth 
is known as cancer immunoediting which consists of three phases: elimination, equilibrium, and 
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escape (Fig. 1.1)6. In the elimination phase, innate and adaptive immune systems work together to 
destroy developing tumors before becoming clinically apparent. In case this phase goes to completion, 
the host remains free of cancer, and elimination thus represents the full extent of the process. 
However, if a rare cancer cell variant is not destroyed in the elimination phase, it may then enter the 
equilibrium phase, in which its outgrowth appears to be prevented solely by adaptive immunity7. 
Equilibrium may also represent an end stage of the cancer immunoediting process and may restrain 
outgrowth of occult cancers for the lifetime of the host. However, a constant immune selection 
pressure is placed on genetically unstable tumor cells during the equilibrium. This can cause that 
tumor cell variants with reduced immunogenicity may escape growing unimpeded by the immune 
system or induce an immunosuppressive tumor microenvironment leading to progressive tumor 
growth and finally clinically apparent disease6, 8. 
Therefore, a better understanding of the interactions between immune cells and tumor cells and of the 
immunosuppressive mechanisms operating in the tumor microenvironment is crucial for developing 
novel cancer treatments and improving existing ones. This thesis will detail a variety of mechanisms 
mediating immunosuppression during cancer development, particularly immune checkpoint 
pathways. This thesis will also discuss how targeting these receptors or their ligands has improved 
cancer treatment over the past years. In addition, this thesis will give a detailed description of multiple 
myeloma (MM), a plasma cell (PC) malignancy that has proven relatively unresponsive to many of 
the currently available drugs and is therefore still largely incurable. Understanding the immune 
pathways operating during disease development that allows the progression of MM may potentially 
open new avenues for therapy.  
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Figure 1.1 The process in which the immune system both suppresses and promotes cancer 
growth is known as cancer immunoediting.  
In the elimination phase, both adaptive and innate immune systems detect developing tumors and 
destroy them at an early stage6. However, some rare tumor cell variants may escape from the 
elimination and enter the equilibrium phase in which the adaptive immune system restrains tumor 
growth and edits the immunogenicity of the tumor cells. Due to constant selection pressure, some 
tumor cells may finally gain ability to avoid immune cell recognition and destruction, enter the escape 
phase and continue growing until clinically apparent. Figure adapted from Schreiber et al.6.  
 
1.2 Immunosuppression in the tumor microenvironment 
Evasion of immune destruction is considered as one of the hallmarks of cancer3. Indeed, tumor cells 
can develop several means to escape immune recognition and/or destruction such as via ineffective 
antigen presentation, secretion of immunosuppressive cytokines, recruitment of immune regulatory 
cell types, and upregulation of immune checkpoint ligands9, 10. This extensive immune evasion is a 
major obstacle for successful immunotherapy.   
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1.2.1 Changes in tumor cells 
One of the best-known methods used by malignant cells to avoid immune cell recognition is defective 
antigen presentation11. Mutations or transcriptional silencing of major histocompatibility complex 
(MHC) class I, β-2 microglobulin or human leukocyte antigen (HLA) genes are common events in 
cancer and they all lead to impaired antigen presentation. Tumor cells also often have altered antigen 
processing machinery. For example mutations in the genes encoding for transporter associated with 
antigen processing (TAP), components of the immunoproteasome (PA28, LMP-2, LMP-7), tapasin, 
calnexin or calreticulin prevent tumor antigen binding to MHC class I molecules12. Further, mutations 
in the genes encoding for tumor antigens themselves may lead to changes in the interaction with MHC 
molecules. Tumor cells can also shed the natural killer group 2D (NKG2D) ligands including major 
histocompatibility complex class I-related molecules A and B (MIC-A and MIC-B) leading to 
decreased CD8+ T cell activation12.  
Cancer cells may also affect T cell trafficking into the tumors by changing the expression of adhesion 
molecules such as vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 
1/2 (ICAM-1/2) in tumor vessels12. In addition, the metabolic pathways utilized by tumor cells are 
frequently altered, leading to an environment that is not favourable for T cells11. For instance, tumor 
cells often upregulate the expression of indoleamine-2,3-dioxygenase (IDO) or inducible nitric oxide 
synthase (iNOS) causing reduction of tryptophan or arginine, respectively, in the tumor 
microenvironment. The expression of Fas ligand (FasL), galectin-1 (Gal-1), TNF-Related Apoptosis 
Inducing Ligand (TRAIL) or Regulated on Activation, Normal T cell Expressed and Secreted 
(RANTES) is also often upregulated on the surface of malignant cells leading to enhanced T cell 
apoptosis. In addition, activation of certain oncogenes in tumor cells may influence the types of 
immune cells that are recruited into the tumor13. For instance, upregulation of MYC has been 
associated with recruitment of macrophages and neutrophils into the tumor microenvironment.  
 
1.2.2 Soluble factors  
Tumor cells can also increase the concentration of immunosuppressive cytokines such as 
transforming growth factor β (TGFβ) and interleukin (IL)-10 in the tumor microenvironment11, 12. 
TGFβ can be secreted by the tumor cells themselves or by stromal cells. It affects the function of 
CD8+ T cells by inhibiting the expression of interferon (IFN)γ, IL-2, perforin, granzyme A/B 
(GrzA/B) and FasL and by inhibiting the expansion of memory cells14. In addition, TGFβ alters the 
differentiation of Th1 and Th2 cells, promotes the development of Th17 cells and enhances the 
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expansion of Tregs which can then contribute to the immune suppression by further secreting TGFβ. 
Indeed, high levels of TGFβ in the plasma have been associated with poor prognosis in certain 
malignancies15, 16. IL-10 can be produced by many types of tumor cells or tumor-infiltrating myeloid 
cells12. It causes down-regulation of HLA molecules on tumor cells and thus decreases tumor 
recognition by CD8+ T cells. Further, IL-10 inhibits CD8+ T cell effector function, Th1 cell 
differentiation and DC maturation. Finally, many tumor cells can also secrete prostaglandin E2 
(PGE2) which inhibits the activation of CD4+ and CD8+ T cells and alters their cytokine profiles11, 12.    
 
1.2.3 Immunosuppressive cells 
Tumor cells can also actively recruit and/or induce certain immunosuppressive cells such as 
regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSC), macrophages and DCs in order 
to further decrease effector cell functions11. 
Tregs which are defined as CD4+CD25hiCD127lo or CD4+CD25+Foxp3+ in humans and mice, 
respectively, are a major immunosuppressive immune cell subset that is crucial for the maintenance 
of immune homeostasis by preventing excessive immune reactions and reactions against self-
antigens17. Thus, deficiencies in the development or function of Tregs have been associated with 
inflammatory diseases and autoimmunity development in both human and animals. Forkhead box P3 
(Foxp3) has been shown to be a central transcription factor in the development and function of Tregs18 
and thus mice lacking Foxp3 develop lethal severe autoimmune disorders19. Further, in humans, 
mutations in FOXP3 gene cause a severe autoimmune disease IPEX (immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked syndrome) which almost always also leads to premature 
death of the patients20. Tregs can suppress the proliferation and effector function of various cell types 
including CD4+ and CD8+ T cells, NK cells, B cells, DCs and macrophages via direct cell-to-cell 
contact, secretion of inhibitory molecules such as IL-10 and TGFβ or influencing the effector cells 
through antigen presenting cells (APCs)17, 21-25.  
Tregs have been a focus of intensive research in the field of cancer immunology ever since it was 
discovered that many tumors harbour increased proportions of these cells and that in some cancer 
types, increase in Tregs correlated with worse prognosis26, 27. Indeed, studies from our laboratory and 
others have demonstrated that conditional depletion of Tregs efficiently increased anti-tumor 
immunity in mouse models of cancer suggesting that Tregs could be a desirable target when aiming 
to improve anti-tumor immmunity28-30. However, lowering Treg numbers or decreasing their 
suppressive function in human cancer patients is not as straight forward as in mice due to the lack of 
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specific Treg cell surface markers. Interestingly, given that Tregs display high expression of 
inhibitory receptors such as T-lymphocyte-associated antigen 4 (CTLA-4), programmed cell death 
protein 1 (PD-1) and lymphocyte activation gene-3 (LAG-3), there has been indication that certain 
monoclonal antibodies (mAbs) targeting immune checkpoint receptors might at least partly deliver 
their anti-tumor efficacy via depleting Tregs31. 
MDSCs are a heterogeneous cell population that consists of immature myeloid cells and myeloid 
progenitor cells32. They are generated in the bone marrow (BM) and due to pathological conditions 
such as cancer or infectious diseases their differentiation into mature macrophages, DCs or 
granulocytes is prevented leading to accumulation of immature myeloid cells with 
immunosuppressive properties32, 33. In mice, MDSCs are generally defined as CD11+GR-1+ 
population which can be further divided into polymophonuclear (PMN)-MDSCs 
(CD11b+Ly6G+Ly6Clo) and monocytic (M)-MDSCs (CD11b+Ly6G-Ly6Chi) with unique functional 
characteristics34. In human peripheral blood, CD11b+CD14-CD15+ or CD11b+CD14-CD66b+ cells 
are thought to be the equivalent to mouse PMN-MDSCs and CD11b+CD14+HLA-DR-/loCD15- cells 
equivalent to mouse M-MDSCs. Despite the phenotypical differences, the common feature for all 
MDSCs is their ability to inhibit T and NK cell activity32-34.  
The importance of MDSCs in cancer development is nowadays widely appreciated. Tumor cells can 
recruit, expand and activate MDSCs by increasing the level of chemokines including CCL2 and CCL5 
and other soluble factors such as IL-6, granulocyte-macrophage colony-stimulation factor (GM-CSF), 
vascular endothelial growth factor (VEGF) and TGFβ in the tumor microenvironment32, 35. Indeed, 
several studies reported the presence of MDSCs in mouse tumors and the enhancement in anti-tumor 
immunity following MDSC depletion or suppression36-38. In addition, an increase in MDSCs has been 
observed in the peripheral blood and in tumor tissue itself in patients with various cancers39-43. 
Further, the increase in MDSCs in tumors or in the peripheral blood has been associated with poor 
survival in patients with various solid malignancies44, 45. In the tumor microenvironment, MDSCs are 
able to mediate the anti-tumor immune suppression by various mechanisms such as by producing 
nitric oxide (NO) and reactive oxygen species (ROS) and by depleting vital nutrients from T cells 
such as L-arginine32, 35. In addition, MDSCs have also been shown to promote the development of 
Tregs32. MDSCs have thus risen as an important prognostic factor in cancer and as a potential target 
for cancer therapy.      
Tumor-associated macrophages (TAMs) with immune suppressive phenotype have also been found 
to be abundant in the tumor microenvironment10, 46. TAMs can inhibit T cell responses by secreting 
soluble factors such as IL-10, TGFβ and arginase-1 (ARG1). TAMS can also promote tumor growth, 
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invasion and metastases by secreting IL-6, epidermal growth factor (EGF), tumor necrosis factor 
(TNF), VEGF and extracellular matrix degrading enzymes.  Further, the presence of M2-like TAMs 
in the tumor microenvironment has been associated with poor prognosis across various human 
malignancies47. This macrophage sub-population generally display decreased pro-inflammatory 
cytokine production and MHC class II expression, become enriched during hypoxia and show 
enhanced pro-angiogenic activity compared to their M1-like counterparts48.  
Finally, functionally competent DCs are often decreased in the tumor microenvironment and the DCs 
that are present, display dysfunction or even immunosuppressive characteristics10, 11. Tumor-
infiltrating DCs express low levels of CD80 and CD86 which induces T cell tolerance or anergy. In 
addition, tumor-infiltrating suppressive plasmacytoid DCs (pDCs) have been shown to be increased 
in several different human malignancies and also in mouse models of cancer11.  
 
1.2.4 Co-signalling receptors 
Yet another powerful way that tumor cells can utilize to modulate the immune system, particularly 
the function of T cells is to interfere co-signalling pathways. These pathways contain cell surface 
receptors and ligands that transduce signals from the tissue environment to immune cells49. Along 
with the signal mediated by T cell receptor (TCR), activating or co-stimulatory receptors promote T 
cell survival and growth and are needed for optimal T cell responses to occur. These receptors are 
counterbalanced by co-inhibitory or immune checkpoint receptors which suppress T cell responses, 
and thus maintain self-tolerance, prevent tissue damage during immune responses and are vital for 
maintaining immune homeostasis50. The net effect of activating and inhibiting signals defines the 
amplitude and quality of TCR signalling (Fig 1.2).  
The expression of various co-signalling receptors and their ligands varies depending on the tissue 
environment49.  In addition, some activating and inhibiting receptors share the same ligands and one 
receptor may be able to interact with more than one ligand, adding more complexity to co-signalling 
pathways. Further, signalling via co-signalling receptor and its ligand can be bi-directional causing 
that the signals are transduced into both interacting cells. Given that the expression of immune 
checkpoint receptors and their ligands is often altered in the tumor microenvironment, understanding 
how these receptors mediate immune suppression and how this suppression can be prevented has 
recently become the focus of cancer immunology. In this section, CTLA-4 and PD-1 which have so 
far been the focus of cancer immunotherapy will be discussed in greater detail. In addition, CD96, T 
cell immunoreceptor with Ig and ITIM domain (TIGIT) and DNAX Accessory Molecule-1 (DNAM-
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1), which all belong to new group of receptors that bind nectin and nectin-like molecules and are 
currently interesting targets for future immunotherapy will also be described in more detail. 
 
 
Figure 1.2 Multiple activating and inhibiting co-signalling pathways regulate T cell responses. 
Depicted are various co-signalling ligand-receptor pairs that interact between APCs and T cells and 
thus regulate the outcome of TCR stimulation. Many receptors bind more than one ligand and one 
ligand can be shared between activating and inhibiting receptors. Figure adapted from Pardoll50. 
38 
 
1.2.4.1 T-lymphocyte-associated antigen 4 (CTLA-4) 
1.2.4.1.1 CTLA-4 structure, expression and ligands 
The first and most extensively studied immune checkpoint receptor in cancer immunotherapy is T-
lymphocyte-associated antigen 4 (CTLA-4). CTLA-4 was originally discovered when screening for 
genes specifically expressed in mouse cytolytic-T-cells51. This gene was found to encode for 223 
amino acids (aa) long type I transmembrane glycoprotein with an extracellular V-like domain and 
thus belonging to the immunoglobulin (Ig) superfamily. Mouse and human CTLA-4 proteins share 
76% overall sequence homology with intracellular domains displaying complete sequence identity52, 
53. In both humans and mice, CTLA-4 is constitutively expressed on Tregs54-56 and it is induced on 
other T cells upon activation53, 57, 58. In addition, human B cells and monocytes upregulate CTLA-4 
expression following activation59, 60. Due to the high sequence homology, CTLA-4 shares the same 
ligands, CD80 (B7-1) and CD86 (B7-2) with the activating receptor CD2861, 62.  
1.2.4.1.2 CTLA-4 function 
Early evidence for CTLA-4 functioning as an inhibitory receptor came from the studies of CTLA4-/- 
mice. These mice promptly developed severe lymphoproliferative disease with lymphocyte 
infiltration in multiple organs and tissue destruction followed by pre-mature death at the age of three 
to four weeks63, 64. In addition, spleen and lymph node T cells from CTLA4-/- mice displayed activated 
phenotype based on CD69, CD25 and CD44 expression and proliferated more and produced more 
cytokines following anti-CD3 mAb stimulation compared to cells isolated from WT mice. 
Subsequent studies with anti-CTLA-4 mAbs confirmed the status of CTLA-4 as an inhibitory receptor 
for T cell activation65-67. Given that CTLA-4 binds CD80 and CD86 with higher affinity and avidity 
compared to CD28, CTLA-4 can compete with ligand binding and thus prevent CD28 from mediating 
the activating signal to T cells68, 69. CTLA-4 can also inhibit T cell functions in a cell-intrinsic manner 
via its cytoplasmic tail70-72. Finally, several reports demonstrated that Tregs lost their suppressive 
ability during CTLA-4 deficiency/blockade indicating that CTLA-4 can also mediate its inhibitory 
signal via Tregs54, 72, 73.      
1.2.4.1.3 CTLA-4 in autoimmunity 
Mice deficient for CTLA-4 became moribund at three to four weeks of age due to lymphoproliferative 
disease which provided a strong indication that CTLA-4 plays a vital role in regulating the 
development of autoimmunity63, 64. Indeed, anti-CTLA-4 mAb treatment accelerated and exacerbated 
disease in a mouse model of relapsing-remitting experimental autoimmune encephalomyelitis (RR-
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EAE)74. Further, CTLA-4 blockade accelerated the development of diabetes in BDC2.5/non-obese 
diabetic (NOD) mice75. The association of CTLA-4 dysfunction with autoimmunity was confirmed 
in humans who carried mutations in their CTLA-4 gene and displayed complex immune dysregulation 
syndromes with multiple autoimmune features76, 77.  Interestingly, the autoimmune phenotypes were 
associated with decreased Treg numbers and impaired suppressive function. In addition, 
polymorphisms in the CTLA-4 gene have been linked to common autoimmune diseases such as 
Grave’s disease, Hashimoto’s thyroiditis and type 1 diabetes (T1D)78, 79.  
1.2.4.1.4 CTLA-4 in cancer  
The important role of CTLA-4 in inhibiting T cell activation raised the possibility that blocking this 
receptor could be beneficial in enhancing anti-tumor responses. Indeed, treatment of 51BLim10 
tumor-bearing mice with anti-CTLA-4 mAb resulted in enhanced tumor rejection80. Further, mice 
that were previously treated with anti-CTLA-4 mAb and rejected the tumor showed protective 
phenotype against re-challenge with 51BLim10 tumor cells and thus suggested they developed long-
lasting immunity. The enhancement in anti-tumor immunity following CTLA-4 blockade was further 
demonstrated in multiple mouse tumor models such as pTC1 (transplantable prostate cancer)81, 
CSA1M (fibrosarcoma)82 and SA1N (fibrosarcoma)83.  
 
1.2.4.2 Programmed cell death-1 (PD-1) 
1.2.4.2.1 PD-1 protein and gene structures 
Programmed cell death-1 (PD-1) (CD279) is a 50-55 kDa84 type I transmembrane glycoprotein and a 
member of the Ig superfamily84, 85. It was originally discovered on mouse lymphoid cell lines 
undergoing programmed cell death85. Structurally, PD-1 protein belongs to the CD28/CTLA-4 
receptor family which members are involved in regulating T cell responses86. PD-1 shares 
approximately 20% sequence identity with CTLA-4, CD28 and Inducible T-Cell Co-Stimulator 
(ICOS)87. PD-1 is composed of a single Ig V-type extracellular domain, a transmembrane domain 
and an intracellular domain capable of binding different signalling and scaffolding molecules85. 
However, unlike CTLA-4, CD28 and ICOS, PD-1 lacks the conserved XXPPP(F/Y) motif in the 
extracellular CDR3 loop, suggesting uniqueness in its ligand binding properties87. PD-1 also exists 
as a monomer while CD28, CTLA-4 and ICOS exist as homodimers due to their interchain disulfide 
bonds87. The intracellular domain of PD-1 contains two tyrosine residues, one constituting an 
immunoreceptor tyrosine-based inhibitory motif (ITIM) and the other an immunoreceptor tyrosine-
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based switch motif (ITSM)88, 89. Even though ITIM is generally associated with immunoinhibitory 
receptor functions, ITSM has been shown to be central for PD-1 function. Mouse and human PD-1 
proteins show approximately 60% sequence homology90, while CTLA-4 shows almost 100% 
conservation between these two species91, suggesting lower selection  pressure for PD-1 in the course 
of evolution.   
The gene encoding for the PD-1 protein, pdcd1, is located on chromosome 1 in mice and on 
chromosome 2 in humans86, 90. Human and mouse genes share 70% sequence homology and contain 
five exons in both species92, 86. Exon 1 encodes for a leader peptide, exon 2 for the extracellular Ig 
V-like domain, exon 3 for the transmembrane domain and exons 4 and 5 for the intracellular domain93. 
Together these five exons encode for the originally found full-length transmembrane PD-1 receptor 
consisting of 288 aa and 268 aa in humans and mice, respectively85, 90. However, the human PDCD1 
gene has also been shown to encode four other splice variants which lack either exon 2, exon 3, exons 
2 and 3 or exons 2 through 493. Most of these splice variants have no obvious biological functions 
since they are lacking ligand binding properties. However, the variant lacking exon 3 is only missing 
the transmembrane domain and encodes for a putative soluble PD-193 analogous to soluble CTLA-4 
which is known to possess biological activity94, 95.  
1.2.4.2.2 PD-1 expression 
In normal conditions, PD-1 expression is mainly restricted to the mouse thymus while other lymphoid 
tissues such as spleen, lymph nodes and BM contain only very small numbers of PD-1+ cells84. In the 
thymus, PD-1 expression has been connected to the transition phase of T cells from double negative 
(DN) to double positive (DP) stage96. During the DN stage, T and natural killer T (NKT) cells of the 
TCRαβ lineage were shown to express low levels of PD-1 while cells of the TCRγδ lineage had high 
PD-1 expression. After reaching the DP stage, PD-1 expression was gradually lost in these cells96. 
However, activation induces PD-1 expression in several mature cell types84, 97. CD4+ and CD8+ T 
cells begin expressing PD-1 following stimulation with anti-CD3 mAb and B cells following anti-
CD40 mAb and/or anti-IgM antibody stimulation. NK cells have been shown to upregulate PD-1 
expression in the presence of IL-298 and IL-1899 and NKT cells in the presence of glycolipid, α-
galactosylceramide100. On splenic DCs, expression of PD-1 has been observed in vitro following 
PolyI:C stimulation and in vivo following bacterial infection101, 102. Further, human peripheral blood 
DCs and tumor-infiltrating CD11c+ myeloid cells derived from hepatocellular carcinoma patients 
have been shown to express PD-1101. Finally, macrophages can express PD-1 in certain situations 
such as following cecal ligation and puncture surgery103. In addition, a recent study demonstrated that 
both mouse and human TAMs expressed PD-1 and this expression correlated with disease stage104. 
41 
 
1.2.4.2.3 PD-1 ligands 
PD-1 has two ligands, PD-1 ligand 1 (PD-L1) (B7-H1; CD274), and PD-1 ligand 2 (PD-L2) (B7-DC; 
CD273)86. PD-L1 was independently discovered by two different groups in 1999 and 2000 when 
searching for homologues of CD28 and CTLA-4 ligands CD80 and CD86105, 106. The two groups 
described very different roles for the function of the new member of the B7 immune regulatory ligand 
family. Freeman et al. reported that signalling via PD-L1 negatively regulated immune responses by 
inhibiting lymphocyte proliferation and cytokine production106. This inhibition was demonstrated to 
be dependent on the strength of the signals mediated via TCR and CD28 with increasing signals via 
TCR and CD28 being able to circumvent the inhibitory signal of PD-L1. Dong et al. on the contrary 
stated that PD-L1 signalling stimulated T cell proliferation and their production of IL-10105. 
Subsequent studies have mainly supported the inhibitory role for PD-1-PD-L1 interactions107-109. 
Interestingly, in 2007, it was reported that besides PD-1, PD-L1 was also able to bind CD80, which 
was previously known only as a ligand for CTLA-4 and CD28110. The affinity of the interaction 
between PD-L1 and CD80 was shown to be intermediate to that of CTLA-4 with CD80 and CD28 
with CD80 and this interaction inhibited T cell proliferation and cytokine production.  
PD-L2 was also discovered by two independent groups in 2001, again with contradictory roles111, 112. 
Latchman et al. found that PD-L2 served a very similar role as PD-L1 in inhibiting T cell proliferation 
and cytokine production111. In contrast, Tseng et al. stated that PD-L2 signalling induced T cell 
proliferation and IFNγ production112. Subsequent studies have mostly supported the inhibitory 
functions of PD-L2 signalling107-109. In addition to PD-1, PD-L2 also binds repulsive guidance 
molecule b (RGMb) and this interaction has an important role in inducing respiratory tolerance113.  
Similar to PD-1, PD-L1 and PD-L2 are also type I transmembrane glycoproteins91. They both exist 
as monomers97 and consist of an extracellular Ig V-like and Ig C-like domains, a transmembrane 
domain and a short intracellular domain106, 111. It has not been verified whether these short 
intracellular domains play a role in signal transduction86. The genes encoding for PD-L1 and PD-L2, 
Cd274 and Pdcd1lg2, respectively, are located on chromosome 19 in mice and chromosome 9 in 
humans86. The expression patterns of PD-L1 and PD-L2 proteins have been shown to be quite distinct 
with PD-L1 having a wider cell and tissue expression97. PD-L1 is expressed on resting murine T cells, 
B cells, macrophages and DCs and its expression increases following stimulation. Regarding tissues, 
PD-L1 is expressed in the spleen, thymus, heart, pancreas, small intestine and placenta, but not in the 
testes, kidney or brain114. The expression of PD-L2 is more restricted with only B1 cells showing 
expression in resting conditions115. The expression is stable on B1 cells and does not further increase 
following stimulation. However, macrophages and DCs begin to express PD-L2 only following IFNγ, 
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GM-CSF or IL-4 stimulation97. PD-L2 also has a more restricted tissue distribution by being 
expressed only in the medulla of the thymus in normal conditions114. The expression patterns for 
human PD-L1 and PD-L2 are very similar to those of mice107. The expression of both of these ligands 
is upregulated in autoimmune settings, such as during experimental autoimmune encephalomyelitis 
(EAE) in mice114. In humans, the expression of PD-1 ligands has been shown to be elevated during 
infections such as melioidosis caused by Burkholderia pseudomallei116 and in several different 
cancers which will be further discussed in a later section. 
1.2.4.2.4 PD-1 functions 
The function of PD-1 was originally proposed to be involved in apoptosis due to its increased 
expression during induction of cell death85. However, this was not confirmed by subsequent studies84 
and the development of Pdcd1-/- mouse rather revealed the crucial role of PD-1 in preventing the 
development of autoimmunity117, 118. All aged C57BL/6 Pdcd1-/- mice spontaneously developed 
lupus-like proliferative arthritis by 14 months of age with 50% of the mice also showing 
glomerulonephritis while control age-matched wild type (WT) mice, showed only marginal age-
related glomerular lesions and no signs of arthritis at the same age118. The Pdcd11-/- mice also 
developed splenomegaly before six weeks of age117 and displayed elevated levels of IgG3 and C3 in 
the kidney glomeruli with an unknown specificity at six months of age118. The apparent splenomegaly 
was associated with increased total cellularity with cells from the B cell (B220+) and myeloid cell 
(Mac1+GR-1+) lineages contributing the most117. B cells from the Pdcd1-/- mice also exhibited 
increased proliferative response to anti-IgM antibodies indicating a role for PD-1 in B cell activation. 
Interestingly, the effects of PD-1 absence are considerably more severe in mice in the BALB/c 
background compared to C57BL/6 as BALB/c Pdcd1-/- mice began to die as early as five weeks of 
age119. At five months of age, approximately 50% of BALB/c Pdcd1-/- mice died due to severe 
congestive heart failure. The sera of these mice showed high levels of auto-antibodies against cardiac 
troponin I and the walls of the dilated hearts contained prominent deposition of IgG. The difference 
in phenotypes between C57BL/6 and BALB/c Pdcd1-/- mice suggested that PD-1 controlled the 
severity and type of autoimmune disease depending on the genetic background. This notion is 
supported by the fact that PD-1 deficiency accelerated the development of autoimmunity in mice with 
an autoimmune-prone background such as in NOD mice120. Furthermore, deletion of other 
immunoregulatory receptors in addition to PD-1, such as Fas118, LAG-3121, 122 or V-domain 
immunoglobulin suppressor of T-cell activation (VISTA)123 can intensify the onset and severity of 
autoimmunity.    
43 
 
1.2.4.2.5 PD-1 in central and peripheral tolerance 
Subsequent studies revealed PD-1 having an essential role in the induction of both central and 
peripheral tolerance124-127. Both PD-1 and PD-L1 are expressed in the thymus and their interaction 
has been demonstrated to inhibit the β-selection of DN thymocytes and the positive selection of DP 
thymocytes124, 126. Furthermore, the PD-1 pathway also contributes to negative selection and controls 
the signalling threshold during T cell development128. The absence or blockade of PD-1 or PD-L1 
increased the number of DP and CD4+ thymocytes and affected the repertoire of mature T cells124, 126. 
In peripheral tolerance, PD-1 has an essential role in inhibiting self-reactive CD8+ T cells that have 
escaped the mechanisms of central tolerance125, 127. This inhibition can take place either during the 
initial interactions between naïve self-reactive T cells and DCs in the draining lymph nodes or later 
in the tissues independent of the priming events125. Following ligand binding, the tyrosine residue in 
the intracellular ITSM motif quickly becomes phosphorylated, which again recruits the protein 
tyrosine phosphatases Src Homology region 2 domain- containing Phosphatase-1 (SHP-1) and SHP-
2 to the ITSM domain88. These phosphatases are then able to dephosphorylate TCR proximal 
signalling molecules leading to inhibition of T cell activation129. PD-1 signalling is also able to inhibit 
the cytokine production of T cells106, 108, 111, and can block their progression through the cell cycle 
and thus inhibit their proliferation108, 130.  
1.2.4.2.6 Effects of PD-1 on different cell subsets  
Besides T cells, the PD-1 pathway has been shown to regulate the selection and survival of plasma 
cells (PCs) by controlling the function of follicular helper T cells (TFH) in germinal centers (GC)
131. 
PD-1 also inhibits NK cells by affecting their trafficking, immune complex formation and 
cytotoxicity98. Macrophages have also been shown to become dysfunctional103 and NKT cells 
anergic100 following PD-1 signalling. Interestingly, PD-1 has recently also been associated with the 
development and function of Tregs in the periphery132-134. It was demonstrated that the PD-1/PD-L1 
pathway had an essential role in inducing the development of induced Tregs and in sustaining their 
Foxp3 expression and suppressive function132, 133. Deficiency of PD-1 also enhanced the development 
of thymus derived Tregs, possibly due to the lack of inhibition of the positive selection process132. 
Furthermore, during chronic infections134 or after contacting blood endothelial cells135, Tregs were 
reported to upregulate PD-1 expression which significantly enhanced their suppressive effects on 
CD8+ T cells. A subpopulation of Tregs has also been shown to express PD-1 even without any 
stimulation132. In the spleen, this PD-1+ Treg subpopulation expressed also higher levels of CD25 but 
slightly lower levels of Helios, Glucocorticoid-Induced TNFR-Related protein  (GITR) and CTLA-4 
compared to PD-1- Tregs.    
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1.2.4.2.7 PD-1 in autoimmunity 
Similar to animal studies, a connection between PD-1 and development of autoimmune diseases in 
humans was found. Several single nucleotide polymorphisms (SNPs) have been identified in the 
PDCD1 gene91 showing association with different autoimmune diseases such as systemic lupus 
erythematosus (SLE)136, multiple sclerosis (MS)137, rheumatoid arthritis (RA)138 and T1D139. Many 
of these disease predisposing SNPs are found in the introns of the PDCD1 gene causing changes in 
transcription factor binding sites136, 138, 139. Interestingly, the expression of PD-1 protein has been 
shown to be increased in autoimmune diseases such as on the lymphocytes from salivary glands of 
Sjögren´s syndrome patients140 and on synovial fluid derived T cells from RA patients141. 
Furthermore, the soluble form of PD-1 with ligand binding properties have been shown to be elevated 
in the synovial fluid from RA patients, possibly interfering with transmembrane PD-1 signalling142.  
1.2.4.2.8 Role of PD-1 in infections and T cell exhaustion 
In viral infections, PD-1 can play contradictory roles by preventing/limiting harmful immune-
mediated tissue damage while also preventing the clearance of the virus by inhibiting anti-viral 
immunity86. During chronic infections, when antigen exposure or inflammation persists, T cells often 
fall into a state called “exhaustion”143, 144. In this state, T cells progressively lose many of their effector 
functions, display altered expression of transcription factors and express several inhibitory receptors 
with PD-1 considered being one of the cardinal ones. Exhausted T cells were first discovered in mice 
bearing chronic viral infections145 but it is now known that these cells also exist in humans146-148. 
Indeed, PD-1 has been shown to be upregulated in virus-specific CD8+ T cells in humans with human 
immunodeficiency virus (HIV)146. The expression of PD-1 correlated with level of CD8+ T cell 
dysfunction and with the HIV viral load in plasma. Similar results have also been verified in chronic 
human hepatitis C virus (HCV) infection with HCV-specific T cells expressing high levels of PD-
1147, 148. Blockade of the PD-1/PD-L1 interaction enhanced HIV-specific T cell function146 and 
proliferation of HCV-specific cells148. Furthermore, the expression of PD-L1 has been demonstrated 
to be elevated in certain infections such as in melioidosis116 and gastritis caused by Helicobacter 
pylori149. Although PD-1 epression has generally been associated with T cell dysfunction, a study by 
Odorizzi et al. demonstrated that CD8+ T cells can become exhausted even in the absence of PD-1150. 
Interestingly, this study demonstrated a dual role for PD-1 during chronic lymphocytic 
choriomeningitis virus (LCMV) infection in mice, with PD-1 restricting CD8+ T cell proliferation and 
cytokine production during the acute phase of the infection while preventing excessive stimulation of 
exhausted CD8+ T cells and their terminal differentiation at later stages of the disease.   
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1.2.4.2.9 PD-1 pathway in cancer 
The PD-1 pathway became a target for cancer immunotherapy after the discovery that PD-1 is often 
over-expressed in tumor infiltrating lymphocytes (TILs) in multiple human cancers151, 152. In addition, 
the ligands for PD-1 are often upregulated on tumor cells or immune cells in the tumor 
microenvironment153-158. In particular, tumor-infiltrating CD8+ T cells were shown to express 
significantly higher levels of PD-1 compared to T cells from normal tissues and peripheral blood151, 
152. This expression correlated with an exhausted phenotype characterized as impaired effector 
functions such as decreased capacity to produce IFNγ. PD-L1 upregulation has been reported in 
several solid human cancers such as melanoma, lung, ovary, and colon carcinomas153, 154, 156, 159. 
Increase in PD-L2 expression in turn seems to be more specific to haematological cancers such as B 
cell lymphoma and Hodgkin lymphoma155. 
Preclinical mouse models have demonstrated that PD-L1 is often upregulated in the tumor 
microenvironment in response to a changed cytokine milieu such as an increased concentration of 
IFNγ154, 160. This PD-L1 upregulation inhibited T cell-specific anti-tumor responses and promoted 
tumor growth161, 162. However, the tumor-promoting effects could be reversed by treatment with either 
PD-1 or PD-L1-specific blocking mAbs154, 160, 162, 163. The mAb treatments enhanced T cell 
proliferation and their migration to tumors and significantly enhanced tumor regression164. 
Furthermore, anti-PD-1 mAb treatment has also been shown to affect Tregs by decreasing their 
suppressive effects on tumor-specific CD8+ T cells165, 166. This data, the wide expression of PD-1 on 
different immune cells84, 97, 98, 103 and the major role of PD-1 in inducing peripheral tolerance125, 127 
provided the rationale for clinical studies targeting the PD-1 pathway. Furthermore, the milder 
phenotype of Pdcd1-/- mouse compared to CTLA-4-/- mouse suggested a better safety profile for PD-
1 pathway blockade117-119.  
 
1.2.4.3 CD96  
1.2.4.3.1 CD96 gene and protein structures 
CD96 is the least known member of receptors that bind ligands of the nectin and nectin-like family 
and its function is yet to be fully characterized167. CD96 or Tactile (T cell activation, increased late 
expression), was originally cloned from human T cells more than 20 years ago168. It belongs to the Ig 
superfamily and contains an extracellular region, with three Ig domains and a long 
serine/threonine/proline-rich motif capable of serving as a docking site for protein kinases169 168, a 
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transmembrane domain, and a 45 residue cytoplasmic domain, with a serine/threonine/tyrosine 
stretch again possibly serving as a target site for protein kinases. The intracellular domain also 
contains an ITIM motif capable of recruiting cytosolic protein tyrosine phosphatases, mainly SHP-1 
and SHP-2170 171. The gene encoding for human CD96 consists of 15 exons and spans across ~120 kb 
on chromosome 3q13.13172. The human CD96 exists as three spliced isoforms; two transmembrane 
molecules with the sizes of 569 and 585 aa, respectively, and one 402 aa soluble form lacking the 
transmembrane domain173. The two transmembrane forms share the same first Ig domain critical for 
ligand recognition but differ in the fold of the second Ig domain giving rise to two receptors with 
slightly different ligand binding activities174. The mouse CD96 gene on the other hand encodes for 
only one form of CD96. This form resembles the shorter and the more extensively expressed human 
transmembrane homolog with 54% of the amino acids being conserved between the two species174 
175. 
1.2.4.3.2 CD96 expression 
CD96 receptor was originally found to be expressed at low levels on human peripheral T cells with 
its expression being strongly upregulated following stimulation168. Stimulation also upregulates 
CD96 expression on NK cells while its levels remain low on B cells. This expression pattern was also 
confirmed in mouse by elucidating that virtually all mouse T cells and NK cells express CD96 with 
γδ T cells and NKT cells showing the highest expression175. At the tissue level, all human primary 
and secondary lymphoid organs have been shown to express CD96 transcript, with only a moderate 
expression in non-lymphoid tissues such as the ovary and kidney174. Interestingly, both human and 
mouse fetal brains, but not adult brain, have been shown to express CD96 mRNA. 
1.2.4.3.3 CD96 functions 
The main ligand for both human and mouse CD96 is the poliovirus receptor (PVR) or CD155170 175. 
The interaction between CD96 and CD155 is mainly thought to promote cell adhesion. Fuchs et al. 
first suggested that this adhesion promoted the activation of NK cells170. However, subsequent 
research done by Chan et al. provided contrasting results by demonstrating that the CD96-CD155 
binding in fact limited NK cell functions176. Since the ligand CD155 is shared with DNAM-1, which 
is a well-known activator of NK cell cytotoxicity177, CD96 is able to restrict NK cells by competing 
with DNAM-1 for the binding to CD155176. CD96 was also shown to be able to limit the cytokine 
production of NK cells by direct inhibition. This inhibiting role of CD96 is in concordance with its 
cytoplasmic ITIM structure which is generally associated with inhibitory receptor functions170 171. 
Besides CD155, mouse (but not human) CD96 has been shown to be able to interact also with CD111 
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or nectin-1175. CD111 has a fundamental role in cell junctions but the functional result of CD96-
CD111 binding is yet to be determined. 
CD96 has mainly been associated with cell adhesion, migration, and cytokine production167 but its 
major biological function remains unclear. Besides its well-recognized role in the immune system, 
several members of the Ig superfamily have also been linked to the development and function of the 
nervous system168.This, and the observation that CD96 is expressed in the fetal but not in the adult 
brain174 suggest that CD96 may also play a role in the development of the nervous system. In addition, 
a mutation in the human gene encoding for CD96 has been associated with the C (opitz 
trigonocephaly) syndrome that leads to trigonocephaly and associated anomalies including 
psychomotor retardation and unusual facial structures172.  The expression of the different CD96 
spliced isoforms has also been associated with certain chronic infections. The conventional or 
transmembrane form has been shown to play a preventative role in HIV-1 disease progression with 
CD8+ T cells from HIV-1 patients expressing significantly lower amounts of CD96 compared to 
healthy individuals178. This particular study also demonstrated the positive correlation between CD96 
expression and CD4+ T cell counts which is generally associated with lower viral load. By contrast, 
soluble CD96 (sCD96) has been reported to promote infection where patients with viral hepatitis B 
or hepatic cirrhosis expressed higher sCD96 levels in the sera compared to healthy individuals173. 
Strengthening a possible role of CD96 in infection, CD96-/- mice have been demonstrated to exhibit 
hyperinflammatory responses following bacterial lipopolysaccharide (LPS) administration176. 
1.2.4.3.4 CD96 pathway in cancer 
CD96 also exhibits a role in tumor progression and, because of its upregulated expression in certain 
tumors, serves as a tumor marker for acute myeloid leukemia (AML)179 and acute lymphoblastic 
leukemia (ALL)180. Chan et al. also demonstrated that the CD96-/- genotype protected mice from 
tumors by showing resistance to chemically induced fibrosarcoma and experimental lung 
metastases176. These anti-tumor effects were most likely due to the release of NK cell inhibition in 
the absence of CD96. In addition, two recent reports demonstrated that CD96 blockade significantly 
reduced the number of experimental and spontaneous lung metastases and this anti-tumor efficacy of 
mouse anti-CD96 mAbs was dependent on NK cells and IFNγ181, 182. These results, and the fact that 
the ligand CD155 is upregulated in many tumors183-185, suggest that CD96 may play a role in 
immunosuppression during tumor development, and that blockade of this receptor may enhance the 
natural anti-tumor effects of the immune system. Interestingly, the combination of anti-CD96 and 
anti-PD-1 mAbs further reduced the number of experimental lung metastases compared to either 
antibody administered alone or compared to dual blockade of CD96 and CTLA-4 suggesting the 
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potential for targeting CD96 in combination with PD-1181.  Furthermore, Brooks et al. recently 
showed that neoadjuvant anti-PD-1 mAb + gemcitabine therapy combined with adjuvant anti-CD96 
mAb therapy following surgery significantly improved survival of mice with pancreatic ductal 
adenocarcinoma further reinforcing the anti-tumor potential of combining PD-1 with CD96 
blockade186.  
 
1.2.4.4 T cell immunoglobulin and ITIM domain (TIGIT) 
1.2.4.4.1 TIGIT expression and protein structure 
T cell immunoglobulin and ITIM domain (TIGIT) (WUCAM, Vstm3, VSIG9) was independently 
discovered by several groups using genome-wide analysis187-190. Quantitative PCR analysis revealed 
that the TIGIT mRNA was expressed in human NK cells and in total T cells with Tregs and CD45RO+ 
T cells showing the highest expression187. Anti-CD3/anti-CD28 mAb or IL-2/IL-15 stimulation 
caused an increase in the mRNA expression in total CD4+ T cells and NK cells, respectively. In 
concordance with mRNA expression, TIGIT protein was found on activated T cells, memory T cells, 
Tregs, TFH cells, NK cells and NKT cells
187-190. No TIGIT expression was detected on resting or 
stimulated B cells or monocytes187. The expression pattern of TIGIT in mice is similar to humans 
with activated and memory T cells, Tregs and NK cells showing the highest expression190.    
The TIGIT gene encodes for a protein with one extracellular Ig domain, a type I transmembrane region 
and a short intracellular cytoplasmic tail with one ITIM motif and one immunoglobulin tail tyrosine 
(ITT) -like motif indicating involvement in an inhibitory function187, 188, 190, 191. The Ig domain shares 
sequence homology with CD96, DNAM-1, CD155, CD111, CD112, CD113 and poliovirus receptor-
related 4 (PVRL4) indicating TIGIT belonging to the PVR family187. Human TIGIT has a molecular 
weight of 34 kDa189 and it shares 88%, 67% and 58% amino acid homology to rhesus, dog and mouse 
sequences, respectively187. Liu et al. showed by using mouse NK cells, that the ITT-like motif was 
essential for the function of TIGIT while the ITIM motif had a minor role191. Following 
TIGIT/CD155 ligation, the ITT-like motif becomes phosphorylated and binds cytosolic adapter 
Growth factor receptor bound protein 2 (Grb2) which then recruits SHIP-1. This recruitment inhibits 
PhosphatidylInositol 3-Kinase (PI3K) and Mitogen-Activated Protein Kinase (MAPK) signalling 
cascade to downregulate NK cell functions. In human NK cells some groups have suggested a major 
role for the ITIM motif189 and some for the ITT-like motif192 in controlling NK cell-mediated 
cytotoxicity.  
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1.2.4.4.2 TIGIT ligands   
The main ligand for TIGIT in both humans and mice is CD155187-190, which has been shown to play 
a role in cell adhesion and migration193-195. Crystal structure analysis of the TIGIT and CD155 
interaction has shown that both TIGIT and CD155 form homodimers and after receptor-ligand 
binding, they form heterotetramers196. In addition to CD155, TIGIT can also bind CD112 (nectin-2; 
poliovirus receptor-related 2, PVRL2) and CD113 (nectin-3; poliovirus receptor-related 3, PVRL3), 
but with much lower affinity compared to CD155187, 189, 190. CD155 is expressed on APCs, T cells, B 
cells and in many non-hematopoietic tissues such as in the central nervous system, kidneys and 
intestines188, 197.  As CD155, CD112 and CD113 also function as cell adhesion molecules and are thus 
localized in cell junctions198, 199. CD112 mRNA and protein are ubiquitously expressed in human 
hematopoietic and non-hematopoietic tissues with highest expression being in the BM, placenta, lung, 
pancreas and kidney200, 201. CD113 mRNA is mainly expressed in humans in the testis and placenta 
and slightly in other tissues such as the heart, brain, lung, liver and kidney198, 199. Interestingly, the 
expression of CD155 and CD112 has been shown to be upregulated in many human malignancies183, 
184, 202, 203.  
TIGIT shares the ligand CD155 with CD96170, 175 and with the activating receptor DNAM-1204. 
CD112 is also shared between TIGIT, DNAM-1204 and a novel inhibitory receptor CD112R205. 
Reportedly, TIGIT has the highest affinity for CD155, followed by CD96 and finally DNAM-1187. 
Together, TIGIT, CD96 and DNAM-1 comprise a pathway analogous to the CD28/CTLA-4 pathway 
where shared ligands between inhibiting and activating receptors and their different affinities for the 
ligands fine-tune immune responses206.   
1.2.4.4.3 TIGIT functions 
Several mechanisms have been proposed for the inhibitory function of TIGIT. According to early 
studies, TIGIT was shown to mediate its inhibitory signal via DCs187. TIGIT binding to CD155 on 
DCs increased IL-10 and decreased pro-inflammatory cytokine production by DCs and thus inhibited 
T cell activation187. In addition, it has been proposed that TIGIT expression on Tregs might regulate 
effector T cell functions. Indeed, TIGIT is expressed on a subset of natural Tregs in both humans and 
mice and marks Tregs with highly suppressive phenotype207, 208.      
Given that TIGIT binds CD155 with higher affinity compared to DNAM-1187, it has been proposed 
that TIGIT might out-compete DNAM-1 for ligand binding and thus prevent DNAM-1 mediated co-
stimulation209. Indeed, Lozano et al. observed that the increase in IFNγ production by human CD4+ 
T cells with TIGIT knockdown could be overcome by blocking DNAM-1 signalling209. TIGIT has 
50 
 
also been shown to be able to prevent DNAM-1 signalling by directly interfering with cis-
homodimerization of DNAM-1 on the cell surface210. However, the importance of homodimerization 
for DNAM-1 function has not been confirmed206.  
TIGIT has also been shown to have cell intrinsic effects which can directly inhibit T and NK cell 
functions211. Several groups have reported that TIGIT stimulation with agonistic anti-TIGIT mAb 
inhibited anti-CD3/anti-CD28-mediated T cell proliferation in the absence of APCs190, 209, 212. In 
addition, TIGIT signalling also decreased IFNγ production by human memory CD4+ T cells in a cell-
intrinsic manner209. The data from Joller et al. demonstrated that TIGIT engagement can indeed 
inhibit T cell functions by directly down-regulating molecules in the TCR complex212. Further support 
for the cell-intrinsic effects of TIGIT came from a recent study performed by Inozume et al.213. They 
demonstrated that melanoma cells expressing a truncated version of CD155 were able to inhibit CD8+ 
T cell cytokine production indicating that TIGIT/CD155 signalling is not dependent on the 
downstream signalling of CD155. Moreover, in vitro stimulation of Tregs with anti-CD3/anti-CD28 
mAbs caused upregulation of mRNAs encoding for effector molecules including IL-10 when 
incubated in the presence of anti-TIGIT agonistic antibody207, 214. One of the first studies about TIGIT 
inhibitory function demonstrated that TIGIT inhibited human NK cell-mediated cytotoxicity directly 
through its ITIM motif189. Later the same was demonstrated for mouse NK cells by showing that 
mutations in the tyrosine residues in the intracellular domain abolished the TIGIT-mediated NK cell 
inhibition215.  
1.2.4.4.4 TIGIT in autoimmunity 
Mice deficient for TIGIT showed no defects in the development of hematopoietic cell populations or 
in T cell responses following stimulation190. However, when these mice were challenged with myelin 
oligodendrocyte glycoprotein (MOG) peptide or when crossed with MOG-specific TCR transgenic 
2D2 mice they developed more severe EAE compared to WT mice190, 212. Furthermore, in a graft 
versus host disease (GVHD) model, lethally irradiated B10.BR mice that were transferred with Tigit-
/- T cells showed decreased survival compared to same mice that received WT T cells190. These results 
demonstrated that even though Tigit-/- mice do not develop spontaneous autoimmunity they still show 
enhanced T cell responses following immunization216.  
In addition to TIGIT deficiency, TIGIT blockade also accelerated disease development in EAE and 
collagen-induced arthritis (CIA) mouse models190. By contrast, a soluble form of TIGIT inhibited 
disease development in the same models and this protection was due to decreased CD4+ T cell 
responses. Furthermore, therapy with agonistic anti-TIGIT mAbs reduced disease severity in mouse 
MOG peptide-induced EAE model while blocking anti-TIGIT mAbs exacerbated disease in same 
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experimental setting217. Collectively, these results indicated a vital role for TIGIT in maintaining 
peripheral tolerance216.  
1.2.4.4.5 TIGIT in cancer  
In the tumor microenvironment, TIGIT is highly expressed in CD8+ T cells together with other 
inhibitory receptors such as PD-1 and T cell immunoglobulin and mucin domain 3 (Tim-3) and its 
expression is associated with decreased cytokine production in both mouse tumor models210, 214 and 
in human melanoma patients218. In AML patients, TIGIT is upregulated on peripheral blood CD8+ T 
cells and is associated with decreased DNAM-1 expression and cytokine production219. Decreased 
subcutaneous tumor growth (B16F10, MC38) has been observed in Tigit-/- mice and the anti-tumor 
efficacy correlated with increased proliferation and GrzB production by Tigit-/- compared to WT CD8+ 
TILs following stimulation214. Furthermore, siRNA silencing of TIGIT in AML patient CD8+ T cells 
restored their capacity to produce cytokines220. TIGIT blockade alone and particularly when 
combined with PD-1 blockade enhanced cytokine production of melanoma patient peripheral blood 
CD8+ T cells following tumor peptide stimulation218.  Moreover, the same treatment increased 
proliferation and degranulation of CD8+ T cells isolated from metastatic melanoma tumors following 
stimulation compared to control treatment. However, the effects of TIGIT blockade in mouse 
subcutaneous tumor models have shown contradictory results. According to Johnston et al. TIGIT 
blockade alone failed to suppress tumor growth (CT26, EMT6) in mice but when used in combination 
with PD-L1 or PD-1 blockade resulted in significant tumor suppression which was associated with 
increased IFNγ and TNFα production by CD8+ TILs210. Accordingly, Dixon et al. showed that 
blocking anti-TIGIT mAb as a single agent caused minor suppression in tumor growth of mice 
bearing colon adenocarcinoma (MC38) or glioblastoma (GL261) while combined blockade of TIGIT 
and PD-1 led to complete tumor regression of MC38 tumor-bearing mice and significantly increased 
survival in the glioblastoma model217. TIGIT/PD-1 co-blockade was associated with enhanced 
effector cell responses by CD4+ and CD8+ TILs in both tumor models. By contrast, a recent study by 
Zhang et al. showed that TIGIT blockade alone was sufficient to suppress tumor growth (CT26, 
MCA-induced fibrosarcoma) and to increase overall survival compared to control Ig (cIg)-treated 
mice221. In this study, the enhanced anti-tumor efficacy of TIGIT blockade was associated with an 
increased proportion of tumor-infiltrating NK cells and CD8+ T cells expressing IFNγ, TNF and 
CD107a.  
In addition to direct effects on CD8+ T cells, TIGIT expression on Tregs can indirectly inhibit CD8+ 
T cell anti-tumor effects206. TIGIT+ Tregs are highly enriched in mouse tumors and TIGIT expression 
is associated with a highly activated and suppressive Treg phenotype214. Moreover, significantly 
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delayed subcutaneous tumor growth was observed in Rag-/- mice that received Tigit-/- Tregs together 
with WT CD8+ and CD4+ Teff cells compared to Rag-/- mice that received WT Tregs together with 
WT CD8+ and CD4+ Teff cells. Further studies demonstrated that the transfer of Tigit-/- Tregs 
compared to WT Tregs resulted in increased cytokine production by CD8+ TILs and also an increase 
in frequency of tumor-specific CD8+ T cells indicating that TIGIT can suppress anti-tumor immunity 
via Tregs.  
Although TIGIT has been shown to inhibit NK cell functions189, 215, the anti-metastatic effect of 
TIGIT deficiency or TIGIT blockade is yet to be determined. According to Blake et al., Tigit-/- mice 
showed no enhanced resistance to experimental lung metastases (B16F10, RM-1, EO771) compared 
to WT mice181. Interestingly however, a decrease in lung metastases in different lung metastases 
models was detected in Tigit-/- mice that were treated with anti-CD96 mAb compared to WT mice 
receiving the same treatment. In addition, a reduction in lung metastases was also observed in Tigit-/- 
mice that were treated with anti-Tim-3 mAb compared to anti-Tim-3 mAb-treated WT mice214, 
supporting an inhibitory function of TIGIT in controlling NK cell-mediated anti-metastatic activity. 
Interestingly, Zhang et al. showed that TIGIT deficiency alone was in fact sufficient to decrease the 
number of lung nodules in certain experimental lung metastases models (B16, 4T1) and thus to 
improve overall survival of Tigit-/- mice compared to WT mice221. Further, anti-TIGIT mAb-treated 
mice displayed reduced number of lung metastases (4T1) compared to cIg-treated mice.     
 
1.2.4.5 DNAX accessory molecule-1 (DNAM-1) 
1.2.4.5.1 DNAM-1 structure, expression and ligands 
DNAX accessory molecule-1 (DNAM-1) (CD226, PTA1, TLISA1) is the most studied member of 
receptors that bind nectins and nectin-like molecules222. Originally it was discovered by Burns et al. 
as a human T cell-specific activation antigen involved in the differentiation of cytotoxic T cells223. 
The protein is 65 kDa and consists of two extracellular Ig-like domains, a transmembrane domain 
and an intracellular domain with three putative binding sites for kinases224. It is expressed on human 
CD8+ and CD4+ T cells, γδ T cells, NK cells, monocytes and on a subset of B cells but not on 
granulocytes or erythrocytes224. Two groups independently discovered that CD155 and CD112 
function as ligands for DNAM-1 and showed that the interaction between these molecules triggers T 
and NK cell cytotoxicity and cytokine secretion204, 225. As discussed above, CD155 is also shared with 
inhibitory receptors TIGIT187-190 and CD96170, 175 and CD112 with TIGIT187, 189, 190 and CD112R205 
(Fig. 1.3).  
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1.2.4.5.2 DNAM-1 functions 
Early on, it was discovered that DNAM-1 functions as an adhesion molecule and mediates T and NK 
cell-mediated cytotoxicity224. DNAM-1+ NK cells were shown to produce more inflammatory 
cytokines and to have enhanced IL-15 signalling and increased proliferation226. The essential role of 
DNAM-1 in NK cell-mediated target cell killing was demonstrated in numerous studies177, 227-229. 
Interestingly, DNAM-1 was also shown to have a role in memory NK cell differentiation230. The 
activating function of DNAM-1 was also demonstrated in T cells and DNAM-1 blockade or silencing 
by siRNA reduced the proliferation and IFNγ production of CD4+ T cells209, 231. DNAM-1 was also 
shown to be responsible for CD4+ and CD8+ T cell proliferation following stimulation in the absence 
of IL-2232. In Tregs, DNAM-1 expression was associated with increased capacity to produce IFNγ 
following stimulation while in DNAM-1- Tregs IFNγ production was minimal208.        
1.2.4.5.3 DNAM-1 in autoimmunity 
DNAM-1-/- mice were shown to be healthy and displayed no major differences in immune cell 
populations in different organs228. However, variations in the gene coding for DNAM-1 have been 
linked to several autoimmune diseases in humans, such as T1D, MS and RA233, 234. In systemic 
sclerosis patients, the frequency of DNAM-1hi CD8+ T cells was increased in peripheral blood 
compared to healthy individuals and DNAM-1 expression in CD8+ T cells correlated with increased 
cytokine production235. Furthermore, DNAM-1 blockade significantly delayed disease onset in a 
mouse adoptive transfer model of EAE231.    
1.2.4.5.4 DNAM-1 in cancer 
The essential role of DNAM-1 in cancer immunosurveillance was first demonstrated by Tahara-
Hanaoka et al.236. The growth of mouse RMA tumors expressing CD155 and CD112 was suppressed 
by CD8+ T cells and NK cells in a DNAM-1-dependent manner. Mice deficient in DNAM-1 have 
since been demonstrated to be more susceptible to tumor growth in multiple mouse tumor models. 
MC38-OVA tumors which express CD155 and CD112 and have been shown to be controlled in a 
CD8+ T cell-dependent manner grew significantly faster in DNAM-1-/- mice compared to WT mice228. 
Also, MCA-induced fibrosarcoma which is largely controlled by NK cells was increased in incidence 
in DNAM-1-/- compared to WT mice176, 229. DNAM-1-dependent NK cell-mediated tumor surveillance 
has also been demonstrated in experimental lung metastases models where DNAM-1-/- mice displayed 
an increased number of metastases compared to WT mice176, 228. However, NK cells have been shown 
to down-regulate cell surface DNAM-1 expression during chronic ligand exposure demonstrating an 
escape mechanism developed by tumor cells in order to escape DNAM-1-mediated killing237, 238.   
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Figure 1.3 DNAM-1/TIGIT/CD96 pathway.  
Depicted are DNAM-1, TIGIT, CD96 and CD112R receptors on T or NK cells and their ligands 
CD155, CD113, CD112 and CD111 on APCs or tumor cells. Figure adapted from Dougall et al.206. 
 
1.3 Cancer immunotherapy  
Since tumor cells can effectively evade or suppress tumor immunity, there have been several 
immunotherapeutic approaches that have been investigated to activate the immune system in the 
context of cancer. These include immune stimulating cytokines, therapeutic vaccines, adoptive T cell 
therapies and immune checkpoint blockade (ICB)9. 
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1.3.1 Cytokines 
Given that cytokines affect the proliferation, survival and effector functions of immune cells and they 
can also have direct effect on tumor cells by promoting apoptosis and inhibiting proliferation; the use 
of cytokines in cancer therapy seemed an attractive approach239. IFNα was the first cytokine to be 
used to treat Non-Hodgkin´s lymphoma and hairy cell leukemia, followed by IL-2 treatment of renal 
cell carcinoma (RCC) and advanced melanoma239, 240. IL-2 functions as a growth factor for T cells 
and NK cells, promotes CD8+ T cell activation and maintains Treg population239. High-dose IL-2 
therapy induced objective response in 20-35% of patients with advanced cancer such as RCC, 
melanoma and colorectal cancer241. The toxicities associated with IL-2 therapy were common and 
directly correlated with the dose of IL-2 that was administered. Among patients with metastatic 
melanoma high-dose IL-2 resulted in objective response rate (ORR) of 16% with 6% of patients 
experiencing complete response242. However, the treatment was associated with severe toxicities 
leading to death of 2% patients. On the contrary, low-dose recombinant IL-2 therapy was associated 
with only modest toxicities but was able to expand circulating NK cells243. IFNα belongs to type I 
IFNs and it promotes the expression of MHC class I expression on tumor cells and the maturation of 
DCs, activates T cells and B cells and induces apoptosis in tumor cells239. High-dose IFNα-2b 
significantly improved overall survival and relapse-free survival compared to vaccine alternative 
among advanced melanoma patients244. However, IFNα-2b therapy was associated with high level of 
grade 3/4 adverse events and remains an issue when considering IFNα as a cancer treatment. IFNα 
therapy combined with chemotherapy also increased the progression-free survival among patients 
with follicular lymphoma compared to chemotherapy alone239. In addition to IL-2 and IFNα, several 
other cytokines including IL-12, IL-15, IL-21 and GM-CSF have demonstrated displaying anti-tumor 
efficacy in different mouse models of cancer and have thus been investigated in clinical trials where 
they all were associated with high incidence of treatment-related toxicities239. Altogether, wide-
spread use of cytokines in cancer therapy has been hindered by their high toxicity levels and they are 
thus more often being used at low doses as an adjuvant therapy.  
 
1.3.2 Vaccines 
The use of therapeutic tumor vaccines seemed an appealing and easy way to induce tumor-specific T 
cells and humoral immunity and has been the subject of intense research over the last 30 years9. 
Different types of vaccines have been tested in clinical trials including irradiated whole tumor cells 
combined with various adjuvants245. GVAX is an example of a whole tumor cell vaccine which 
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composes of irradiated tumor cells that are genetically manipulated to secrete GM-CSF. A phase I/II 
trial demonstrated GVAX to be well tolerated and a dose-dependent effect was observed with high-
dose increasing the median survival times compared to low or medium doses246. Peptide vaccines 
contain either amino acid sequences or proteins as tumor antigens combined again with various 
adjuvants to enhance anti-tumor T cell responses239. These vaccines showed enhanced anti-tumor 
efficacy in pre-clinical models but failed to display significant benefit in clinical trials. Immune cell 
vaccines contain either ex vivo-generated mature DCs or tumor peptide-loaded immature DCs239. 
Finding the most potent tumor antigen is a major challenge for developing peptide-loaded DC 
vaccines. However, a recent study demonstrated that a DC vaccine loaded with patient-derived tumor 
peptides enhanced neo-antigen-specific immunity among patients with advanced melanoma247. Yet 
another vaccine based therapy is genetic vaccine which contains a strand of viral genome, plasmid 
DNA or mRNA encoding for tumor antigens239. Following injection, APCs can then take-up the 
strand of DNA/RNA and present it to T cells. However, vaccine approach has largely been 
disappointing in inducing clinical responses in patients due to a number of issues, including 
uncertainty about the appropriate antigen(s) to be used and the general immunosuppressive 
environment of established tumors.   
 
1.3.3 Adoptive cellular therapy 
By contrast, adoptive T cell therapies for cancer immunotherapy have demonstrated strong efficacy 
in melanoma248 and certain B cell malignancies9. This approach involves the reinfusion of expanded 
tumor-reactive TILs isolated from resected tumor, expanded tumor-specific T cells enriched from 
TILs, peripheral blood mononuclear cells (PBMCs) or expanded genetically modified autologous T 
cells into cancer patients and bypasses the need for immunization249. The first clinical trial involving 
TILs-based T cell transfer was performed by Rosenberg et al. in 1988250. Expanded lymphocytes 
extracted from resected melanoma tumors were transferred back into the patients in combination with 
IL-2. ORR was 60% among patients not treated with IL-2 before or 40% among patients previously 
treated with IL-2. Most treatment-related toxicities were IL-2-mediated and resolved quickly after 
IL-2 treatment was discontinued. This data resulted in several clinical trials involving adoptive T cell 
therapies. T cells can also be genetically modified to express TCRs that recognise antigens 
specifically expressed on the tumor cells such as neo-antigens, tissue-differentiation antigens, viral 
antigens or cancer-testis antigens245.  For instance, NY-ESO-1 belongs to cancer testis antigens and 
is expressed in 80% patients with synovial sarcomas and in 25% patients with melanoma, lung, liver, 
prostate, ovarian or bladder cancer. A recent clinical trial reported clinical responses in 80% of MM 
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patients treated with adoptive T cell transfer of engineered T cells expressing TCRs for NY-ESO-1 
and LAGE-1251. Furthermore, these T cells displayed extended persistence and had low rate of 
treatment-related adverse events. The next generation of engineered T cells, chimeric antigen receptor 
(CAR)-T cells express tumor-specific TCRs that are not HLA-restricted and are thus unaffected by 
tumor-related HLA down-regulation while the intracellular domain of the receptor may contain 
domains from co-signalling molecules in order to enhance T cell expansion249. CAR-T cells specific 
for CD19 have demonstrated high success rates in several clinical trials in the treatment of B cell 
malignancies252, 253. Despite the encouraging results received from clinical trials, adoptive T cell 
therapy has shown clinical efficacy only in a few types of malignancies, mostly in haematological 
cancers249. It is unclear if this approach will show similar efficacy against most solid malignancies. 
In addition, preparing T cells for adoptive transfer is laborious and currently associated with high 
cost.   
 
1.3.4 Monoclonal antibodies (mAbs) 
Monoclonal Ab therapy has demonstrated the most promise for cancer immunotherapy with 
approximately 15 antibodies approved by the US Food and Drug Administration (FDA) for various 
cancers254. They can generally be divided into three classes targeting either receptors/molecules 
directly expressed on tumor cells such as human epidermal growth factor receptor 2 (HER2), 
angiogenic factors such as VEGF or immunomodulatory receptors on immune cells such as CTLA-4 
and PD-1255. The subsequent antibody binding can then mediate tumor cell killing by directly 
affecting the tumor cell by blocking a receptor, inducing apoptosis or delivering a cytotoxic drug, by 
affecting the tumor vasculature or stroma or by inducing immune cell-mediated killing by enhancing 
function of tumor-specific T cells or by inducing antibody-dependent cellular cytotoxicity (ADCC) 
or complement-dependent cytotoxicity (CDC). As an example for tumor targeting antibodies, 
Trastuzumab is a mAb targeting HER2 which was approved by FDA in 1998 for the treatment of 
HER2-expressing breast cancer256. Two reports published side-by-side demonstrated that 
Trastuzumab significantly improved the disease-free survival and overall survival among HER2-
postive breast cancer patients and was associated with tolerable rate of adverse events256, 257. 
Monoclonal Abs targeting antigens on malignant PCs will be discussed later in the context of MM 
therapies. Amongst the class of antibodies, the ones targeting immunomodulatory receptors on 
immune cells have generated great excitement in the field of immuno-oncology due to their 
remarkable success in the clinic and will be discussed here in more details50.   
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1.3.4.1 Immune checkpoint blockade (ICB) 
As previously discussed, immune checkpoint receptors are inhibitory receptors that stop/limit the 
activation of effector immune cells50. These receptors are vital for the maintenance of immune 
homeostasis since they limit the intensity of immune reactions against infected- and self-tissues. 
However, tumor cells have been shown to exploit this natural immune inhibition system by inducing 
an over-expression of ligands for these receptors in the tumor microenvironment. ICB therapy aims 
to block these inhibitory signals with antibodies specific for these receptors or their ligands to enhance 
endogenous anti-tumor activity. Of interest, given the unprecedented efficacy of PD-1, PD-L1 and 
CTLA-4 blockade in treatment of wide variety of malignancies, Tasuko Honjo and James P. Allison, 
who did pioneering research on PD-1 and CTLA-4 pathways80, 81, 85, 106, 118, 258, 259, respectively, were 
awarded with the Nobel Prize in Physiology or Medicine in 2018 for their discovery of cancer therapy 
by inhibition of negative immune regulation.  
1.3.4.1.1 CTLA-4 blockade 
As discussed earlier, extensive studies in pre-clinical mouse models demonstrated that CTLA-4 
blockade induced the rejection of several types of established transplantable tumors in mice and these 
data spurred the clinical development of anti-CTLA-4 mAbs for humans260. In 2010, a phase III 
clinical trial reported that ipilimumab (fully human anti-CTLA-4 IgG1) significantly improved 
survival versus a glycoprotein 100 (gp100) peptide vaccine in pre-treated patients with metastatic 
melanoma261. The safety profile was also at acceptable level for CTLA-4 blockade with 10-15% or 
3% of patients treated with ipilimumab or gp100, respectively, displaying grade 3/4 immune-related 
adverse events (irAEs). This generated tremendous excitement in the field of cancer immunotherapy 
given that approved treatment options for patients with metastatic melanoma were limited and despite 
concerted efforts over many decades, previous immunotherapeutic strategies such as cancer vaccines 
had not yielded meaningful efficacy262. This resulted in ipilimumab being approved by the FDA in 
2011 for the treatment of advanced melanoma. Importantly, a key observation was made that clinical 
benefit with ipilimumab tends to be durable, in contrast to chemotherapy, where responses are 
typically transient. The ipilimumab trials showed an apparent plateauing of Kaplan-Meier overall 
survival curves after approximately 24 months, with a meaningful proportion of patients surviving 
five or more years from the start of the treatment262. In addition to ipilimumab, tremelimumab, 
another human anti-CTLA-4 mAb (fully human IgG2) also demonstrated anti-tumor efficacy among 
refractory/relapsed melanoma patients in a phase II trial with ORR being 6.6%263.    
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1.3.4.1.2 PD-1/PD-L1 blockade 
1.3.4.1.2.1 Clinical trials for blocking PD-1 pathway 
The first phase I clinical trials, conducted by Berger et al. in 2008 and Brahmer et al. in 2010 mainly 
tested the safety and dosing of two different anti-PD-1 antibodies, pidilizumab (CT-011) (humanized 
anti-PD-1 IgG1) and nivolumab (BMS-936558, MDX-1106) (fully human anti-PD-1 IgG4)264, 265. 
The patients in these studies had different advanced cancers such as AML, MM, Hodgkin´s 
lymphoma264, metastatic melanoma, colorectal cancer (CRC), castrate-resistant prostate cancer, non-
small-cell lung cancer (NSCLC) or renal cell carcinoma265. The results were encouraging when 
concerning safety and showed the antibodies being well tolerated264, 265 even at the highest given dose 
of 10 mg/kg265. The observed irAEs were similar to those of anti-CTLA-4 mAb treatment, but less 
frequent and milder, with only one patient out of 39 showing a severe inflammatory colitis. Other 
milder irAEs associated with this study were grade 2 hypothyroidism and grade 2 polyarticular 
arthropathies which were treated successfully with hormone replacement and oral steroids. Besides 
the promising safety profile, anti-PD-1 mAbs also displayed anti-tumor effects in these studies with 
one out 17 or one out of 39 patients treated with pidilizumab or nivolumab, respectively, experiencing 
a complete response264, 265.  
Subsequent clinical studies with anti-PD-1 mAbs confirmed their efficacy in treating several different 
advanced cancers. In 2012, in a phase I clinical trial,  Topalian et al. reported that nivolumab induced 
cumulative response rates of 18% among patients with NSCLC, 28% among patients with melanoma 
and 27% among patients with RCC266. These responses were also significantly more durable 
compared to conventional chemotherapy or tyrosine kinase inhibitors. Fourteen percent of all patients 
treated developed grade 3 or 4 severe irAEs with pneumonitis causing three treatment-related deaths. 
Other severe irAEs included diarrhoea, elevated hepatic aminotransferase levels and endocrine 
disorders which were managed with treatment interruption, administration of glucocorticosteroids 
and replacement therapy, respectively. In 2013, Hamid et al. published results from a phase I clinical 
trial evaluating the efficacy of yet another anti-PD-1 mAb, pembrolizumab (lambrolizumab, MK-
3475) (humanized anti-PD-1 IgG4), in treating patients with advanced melanoma267. The ORR in this 
study was 38%. Furthermore, majority of the responses were durable with the median duration of 
response not reached during the 11 month follow-up time. Interestingly, several patients that were 
previously treated with other forms of immunotherapy, chemotherapy or BRAF-targeted therapy, but 
were non-responsive, demonstrated responses to PD-1 blockade. Seventy-nine percent of the patients 
developed irAEs of any grade, but only 13% were reported as grade 3/4. Similar to the nivolumab 
clinical trial, the most common irAEs were diarrhoea, hypothyroidism, rash, vitiligo, pneumonitis 
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and elevated aminotransferase levels. The only death in this study was again due to pneumonitis. 
Unlike with CTLA-4 blockade, the most common irAE leading to treatment discontinuation with 
anti-PD-1 mAb treatment was pneumonitis268, 269. The condition can usually be managed with 
hospitalization and administration of glucocorticoids, antibiotics or infliximab (anti-TNFα mAb) but 
can occasionally lead to treatment-related death.   
A phase III study reported in 2015 demonstrated the superiority of anti-PD-1 mAb therapy in treating 
advanced melanoma compared to anti-CTLA-4 mAb therapy270. The six-month progression free 
survival rate was 47% for pembrolizumab (anti-PD-1 mAb) administered every two weeks, 46% for 
pembrolizumab administered every three weeks and 27% for ipilimumab (anti-CTLA-4 mAb). The 
response rates were 34%, 33% and 12% for pembrolizumab administered every two weeks, for 
pembrolizumab administered every three weeks and for ipilimumab, respectively. The rate of severe 
grade 3 to 5 irAEs was 13% and 10% in the two pembrolizumab groups and 20% in the ipilimumab 
group. Another phase III study conducted in 2015 reported the significantly higher efficacy of 
nivolumab against advanced squamous-cell NSCLC compared to docetaxel chemotherapy 268. At one 
year time point, the overall survival rate with nivolumab was 42% compared to 24% with docetaxel. 
ORR was also higher with nivolumab with 20% of patients showing response to treatment compared 
to 9% with docetaxel. The median duration of response was not reached with nivolumab during the 
follow-up time (range 2.9-20.5 months) compared to 8.4 months with docetaxel treatment. 
Furthermore, only 7% of patients in the nivolumab group developed irAEs of grade 3/4 compared to 
55% in the docetaxel group.    
There have also been clinical trials testing the efficacy and safety of anti-PD-L1 mAbs against various 
advanced tumors157, 271, 272. Treatment with BMS-936559 (fully human anti-PD-L1 IgG4) resulted in 
ORR of 17% in melanoma, 12% in renal cell carcinoma, 10% in NSCLC and 6% of ovarian 
carcinoma with most of these responses being durable271. Sixty-one percent of all patients reported 
having irAEs of any grade with most common being rash, hypothyroidism and hepatitis. Severe grade 
3/4 irAEs were reported among 9% of the patients. Another anti-PD-L1 antibody, MPDL3280A 
(engineered human anti-PD-L1 IgG1) also demonstrated clinical activity against advanced urothelial 
bladder cancer272. These anti-tumor effects correlated with PD-L1 expression in TILs with ORR being 
43% for patients with PD-L1+ TILs and 11% for patients with PD-L1- TILs. Seven percent of patients 
with PD-L1+ TILs had a complete response. Fifty-seven percent of all patients had irAEs with only 
4% reported being grade 3. It is important to remember that the mechanism of action may somewhat 
differ for anti-PD-1 and anti-PD-L1 mAbs, since anti-PD-1 therapy blocks the interaction between 
PD-1 and its ligands PD-L1 and PD-L2 while anti-PD-L1 therapy blocks the interaction between PD-
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L1 and PD-1 and between PD-L1 and CD80. More studies will be required to dissect out the clinical 
settings where anti-PD-1 or anti-PD-L1 will be more advantageous.  
Following the success of several clinical trials, nivolumab has now been approved by FDA in the 
treatment of several malignancies including melanoma, head and neck squamous-cell carcinoma 
(HNSCC), NSCLC and RCC, and pembrolizumab for the treatment of HNSCC273. In addition, 
atezolizumab which targets PD-L1 has been approved by FDA for the treatment of NSCLC and 
urothelial carcinoma.   
1.3.4.1.2.2 Biomarkers for successful anti-PD-1/anti-PD-L1 therapy 
Ever since the first trials with anti-PD-1 mAb therapies, there has been a demand to identify 
biomarkers that could predict which patients will respond to PD-1/PD-L1 blockade. A reasonable 
approach seemed to be to assess the expression of PD-L1 in the tumor microenvironment. Indeed, the 
correlation of PD-L1 expression in the tumor microenvironment to responsiveness to PD-1 blockade 
has been extensively studied. According to a phase I study treating advanced melanoma patients with 
nivolumab, patients with PD-L1+ tumors, defined by at least 5% tumor cells expressing PD-L1 based 
on immunohistochemical analysis, were twice as likely to respond to nivolumab compared to the 
overall study population266. Follow-up studies confirmed the association of PD-L1 expression to 
improved response rates to PD-1/PD-L1 blockade in several malignancies including melanoma, 
NSCLC and RCC274, 275. Further, patients with classical Hodgkin lymphoma often display mutations 
in chromosome area 9p24.1 causing PD-1 ligands being constitutively expressed276. Interestingly, 
these patients show very high response rates to PD-1 blockade. For instance, treatment with 
nivolumab resulted in 87% or 68% ORR in a phase I and II clinical trials, respectively. However, 
there are several drawbacks in using PD-L1 expression as a definitive biomarker for PD-1 blockade 
efficacy including the fact that the expression of PD-L1 may change over time and/or between 
anatomical sites277. In addition, different antibodies with different affinities and specificities for PD-
L1 are being used to detect PD-L1 expression and PD-L1 expression could also be missed due to 
small biopsy size. Also other therapies given between biopsy collection and PD-L1 expression 
assessment can affect PD-L1 expression levels. Finally, some patients whose tumors have been 
characterised being PD-L1- have shown responsiveness to PD-1 blockade268, 278. Interestingly, no 
correlation between PD-L2 expression in the tumor microenvironment and responsiveness to PD-1 
blockade has been observed274. Several studies have also been conducted to study the composition of 
TILs in association with response to ICB. Interestingly, a correlation was found between PD-L1 
expression, the presence of TILs274, the presence of high numbers of CD8+ T cells inside the tumor 
or at the invasive tumor margin and response to PD-1 blockade among melanoma patients158.  
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To date, no single mutation has been associated to responsiveness to PD-1 blockade277. However, the 
total mutational load does have an effect and cancers with high mutational loads such as melanoma, 
NSCLC and HNSCC display better response rates to PD-1/PD-L1 blockade compared to cancers with 
low mutational loads such as pancreatic cancer157, 266, 271, 279. In line with this, among patients with 
NSCLC, current and previous smokers generally tend to respond to PD-1/PD-L1 blockade better than 
non-smokers due to higher mutational load caused by smoking280. Furthermore, a subset of cancers 
having defects in genes which encode for components of DNA mismatch repair (MMR) complex and 
are thus characterized as microsatellite instable (MSI) have been suggested to likely be responsive to 
ICB. Colon cancer samples with MSI phenotype displayed higher CD8+ T cells infiltration compared 
to microsatellite stable (MMS) colon cancer samples281. In addition, MSI colorectal samples have 
also been demonstrated having high infiltration of CD8+ T cells and Th1 cells with activated 
phenotype and showing upregulation of several immune checkpoint molecules including CTLA-4, 
PD-1, PD-L1 and LAG-3 and inhibitory enzymes such as IDO in the tumor microenvironment282. 
Indeed, advanced colorectal patients with MMR-deficient tumors showed significantly higher ORRs 
and progression-free survival rates in response to pembrolizumab compared to patients with MMR-
proficient tumors283. Finally, integrated oncogenic viruses such as Epstein-Barr virus (EBV), human 
papilloma virus (HPV) and Kaposi sarcoma-associated herpesvirus (KSHV) may also increase the 
number of neoantigens on tumor cell surfaces and thus act as a biomarker for a response to ICB277. 
Pembrolizumab induced higher response rate among Merkel-cell carcinoma patients with Merkel-
cell polyomavirus positive tumors compared to patients with virus negative tumors284. These results 
suggest that higher number of mutations increases the number of neoantigens and thus improve tumor 
antigenicity277. However, since not all mutations create epitopes that T cells are able to recognize, 
mutational load cannot be used as a definitive marker for response to ICB.  
Recently, the co-stimulator receptor CD28 has emerged as a possible biomarker for anti-PD-1 mAb 
therapy285, 286. PD-1 activation has been thought to inhibit T cell function by suppressing TCR 
signalling129. However, recent data generated by Hui et al. demonstrated that PD-1 activation causes 
efficient dephosphorylation of CD28 and only minor dephosphorylation of TCR signalling 
components285. Furthermore, PD-1 was highly co-localized with CD28 on the CD8+ T cell plasma 
membrane following stimulation and significantly less with TCR. Another study published at the 
same time by Kamphorst et al. demonstrated the essential role of CD28/B7 co-stimulatory pathway 
for effective anti-PD-1 mAb therapy in tumor-bearing mice and during chronic viral infection286. 
Effective PD-1 blockade required cell intrinsic expression of CD28 for PD-1+ CD8+ T cell 
proliferation. Furthermore, assessment of blood samples from advanced lung cancer patients showed 
that the PD-1+ CD8+ T cells proliferating following PD-1 blockade also expressed CD28. These data 
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suggest that in tumors where the proportion of T cells expressing CD28 is low, targeting other 
immune checkpoint pathways rather than PD-1/PD-L1 might be more beneficial.  
1.3.4.1.3 CTLA-4/PD-1 co-blockade 
Given the different mechanisms of action of PD-1 and CTLA-4 pathways; PD-1 contributing to T 
cell exhaustion in peripheral tissues and CTLA-4 inhibiting earlier steps in T cell activation86, 287, it 
was reasonable to assume that combining anti-CTLA-4 and anti-PD-1 therapies would induce more 
effective response than either therapy alone. This indeed proved to be the case in a phase I trial where 
advanced melanoma patients were treated with a combination of nivolumab (anti-PD-1 mAb) and 
ipilimumab (anti-CTLA-4 mAb)288. The tumor responses were more rapid and deeper with the 
combination therapy compared to either monotherapy. The ORR for the combination therapy was 
40%, and 31% of these responding patients had tumor reduction of 80% or more after 12 weeks, 
including five patients with a complete response. Interestingly, the objective responses were not 
dependent on PD-L1 expression in the tumor microenvironment, and both PD-L1 negative and PD-
L1 positive tumors showed responses. The superior anti-tumor efficacy of the combination of 
nivolumb and ipilimumab compared to either monotherapy was confirmed in a phase III trial with 
previously untreated, advanced melanoma patients289. The overall survival rate after 3 years follow-
up was 58% in the combination group, 52% in the nivolumab group and 34% in the ipilimumab group. 
As expected, also the rate of irAEs increased in the combination group with 59% patients displaying 
grade 3/4 irAEs while the same number in nivolumab and ipilimumab groups were 21% and 28%, 
respectively. These trials demonstrated that multiple pathways suppressing anti-tumor immunity exist 
in the tumor microenvironment and the importance of combination targeting to induce the most 
effective anti-tumor response. Further, these trials have given impetus to discover new and more 
effective immune checkpoint receptor combinations. Given the high efficacy and safety profile of 
PD-1 blockade, research is underway to identify which other immunomodulatory antibodies combine 
well with anti-PD-1 mAbs. This includes mAbs targeting other inhibitory receptors such as Tim-3, 
LAG-3, B- and T-lymphocyte attenuator (BTLA), or co-stimulatory receptors such as CD137, ICOS, 
and OX-40.  This thesis concentrates on targeting PD-1 and the novel inhibitory receptors CD96 and 
TIGIT. 
 
1.3.5 Immune-related adverse events (irAEs) 
In the clinic, irAEs represent a major side effect of targeting immune checkpoint receptors and early 
recognition and management of these events is vital for successful therapy outcome (Fig. 1.4). Sixty 
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percent of the patients treated with ipilimumab had irAEs of any grade with 10-15% of patients having 
irAEs with grade 3 or 4261. There were even seven deaths (1% of the patients) in this study group that 
were caused by severe irAEs. Most often the irAEs affected the skin and gastrointestinal tract with 
the most common being diarrhoea. Most patients were treated with corticosteroids and some also with 
anti-TNF mAbs in order to treat diarrhoea of grade 3 or higher or colitis. 
Consistent with mouse studies, blockade of the PD-1 pathway showed fewer and less severe irAEs 
than CTLA-4 blockade271. Fourteen percent of all anti-PD-1 mAb treated patients suffered grade 3 or 
4 drug related adverse events, of which some were immune related and included pneumonitis, vitiligo, 
colitis, hepatitis, hypophysitis and thyroiditis290. These were managed by treatment interruption and 
when necessary with the administration of glucocorticoids. PD-L1 blockade caused grade 3 or 4 
adverse events in 9% of the patients with again some being immune related271. Those potentially 
immune related were observed in 39% of patients and mainly consisted of rash, hypothyroidism, and 
hepatitis. These irAEs were predominantly grade 1 or 2 and were managed by treatment interruption 
or discontinuation.  
The clinical benefits observed following co-blockade of CTLA-4 and PD-1 provides a strong 
rationale to combine mAbs targeting different immune checkpoint receptors together or to combine 
ICB with other immunotherapies or with more conventional therapies in order to assess if clinical 
benefits to cancer patients can be further improved. However, the frequency and severity of irAEs 
will most likely increase with combinations which may result in premature therapy discontinuation, 
thus limiting the realization of such an approach. As can be expected, the nature of the irAEs related 
to anti-CTLA-4 and anti-PD-1 combination therapy was similar to the monotherapies, but more 
frequent288.  Grade 3 or 4 treatment-related adverse events were seen in 53% of patients with some 
being immune related. However, the adverse events were considered to be manageable and were 
treated with immunosuppressants such as glucocorticoids and anti-TNF mAbs. The safety profiles of 
CTLA-4 and PD-1 blockade alone and in combination were recently discussed by Boutros et al.291    
Given the regulatory, legal and budgetary issues associated with conducting clinical trials, it is 
important to choose carefully which combination therapies should be tested first. Thus, there is a 
strong interest to develop preclinical mouse models that more accurately inform us as to which 
immunotherapies might combine best to provide the optimal therapeutic index (high anti-tumor 
efficacy versus low level irAEs) in different cancer settings292.  
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Figure 1.4 Spectrum of irAEs following CTLA-4, PD-1 or PD-L1 blockade.  
Unique treatment-related toxicities, irAEs, which are associated with immunotherapies targeting 
immune checkpoint pathways can target almost part of the body and are due to cytokine release and 
immune effector cell infiltration into tissues292. Figure adapted from Liu et al.292. 
 
 
1.4 Multiple Myeloma (MM) 
MM is a cancer of the BM caused by malignant terminally differentiated PCs293. It is  the second most 
common haematological malignancy in the world293 and accounts for 1% of all cancers and 10% of 
all haematological cancers294. The median age at diagnosis is 65 years and the disease is slightly more 
common in men than in women and twice as common among African-Americans compared to 
Caucasians294. Due to the improved therapies, the median survival among MM patients has increased 
from three years to six years in the past two decades295. However, MM is still mostly considered to 
be an incurable disease.       
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1.4.1 MM disease overview 
MM cells are the malignant counterpart of antibody producing PCs296. In most cases the malignant 
PCs secrete monoclonal Ig proteins (M-proteins) that can be detected in blood and/or urine. However, 
in 15-20% of patients the neoplastic cells secrete only monoclonal free light chains and in < 3% of 
patients there is no monoclonal protein involved293. The disease symptoms are driven by the MM 
cells, cytokines secreted by the MM cells and the M-proteins. These symptoms include increased 
Calcium levels, Renal insufficiency, Anaemia or Bone lesions (CRAB)297. The disease is largely 
confined in the BM microenvironment but at later stages it can spread to peripheral blood and other 
organs such as the spleen, liver, lymph nodes, pleural fluid and skin298. MM is almost always preceded 
by a non-symptomatic, premalignant tumor state termed monoclonal gammopathy of undetermined 
significance (MGUS)299. This state has a prevalence of 4% among Caucasians with the age of over 
50 years and the average rate for progression into MM, lymphoma or chronic lymphocytic leukemia 
of 1% per year. There are two subclasses of MGUS, lymphoid and PC MGUS which account for 15% 
and 85% of cases, respectively. The two subclasses differ in the type of monoclonal protein being 
secreted, mostly IgM for lymphoid and mostly non-IgM for PC MGUS. Criteria for MGUS include 
no organ damage, serum M-protein concentration of < 3 g/dl and PC content in the BM < 10% among 
mononuclear cells. Smouldering MM (SMM) also shows no signs of organ damage but is more severe 
compared to MGUS by having serum M-protein level > 3 g/dl or BM PC content of > 10% and 
progression rate to MM of 10% per year. Symptomatic MM is characterized by increasing tumor 
mass in the BM (≥10% clonal PCs) and evidence of end-organ damage such as hypercalcemia, renal 
insufficiency, anemia and bone lesions294. All three states, MGUS, SMM and MM have malignant 
PCs found in the BM at various levels that in most cases have the surface phenotype of CD45-
/loCD138+CD38+CD19-CD56+ compared to healthy PCs with CD45+CD138+CD38+CD19+CD56- 
phenotype299. 
 
1.4.2 Genetic changes in MM 
MM is biologically and clinically heterogeneous disease with various genetic changes involved293. 
The ultimate cause for developing MM has not been identified, but there are several factors that have 
been associated with increased risk of developing MM, elevated mortality rates and development of 
drug resistance.  There are seven common IgH translocations that are shared by both MM and MGUS 
and seem to represent the primary oncogenic events299, 300. These translocations are due to errors in 
class switch recombination or extensive somatic hypermutation of Ig genes and cause an oncogene 
67 
 
from cyclin D, MAF or myeloma SET domain protein/fibroblast growth factor receptor 
(MMSET/FGFR3) family to be positioned under the control of IgH enhancers. Cyclin D upregulation 
is involved in nearly all MGUS and MM cases either due to the translocation or due to other genetic 
changes. Chromosome number changes are also commonly seen in MGUS and MM299, 300. Almost 
half of the patients have hyperdiploid (HRD) tumor cells that contain 48-75 chromosomes. Non-HRD 
(NHRD) tumor cells contain less than 48 or more than 75 chromosomes. Seventy percent of NHRD 
tumors and 10% of HRD tumors have previously mentioned IgH translocations. It is not known 
whether the chromosome number changes take place in several steps or during one catastrophic event. 
Deletion of chromosome 13 or certain regions of it is also considered being one of the early events in 
MGUS and involve the deletion of retinoblastoma-1 (RB1) gene which normally acts as a tumor 
suppressor298-300. Later changes that are associated with disease progression and transition from 
MGUS to MM include activating mutations of RAS and BRAF, MYC dysregulation, activating 
mutations in the nuclear factor (NF)-κB pathway and abnormalities in TP53. Secondary 
translocations, epigenetic changes and variations in microRNA expression can take place at any time 
during disease development.     
Clinically most relevant chromosomal changes are t(4;14) and t(14;16) translocations and del(17p) 
deletion and they are indicators for poor prognosis301. Translocation (4;14) belongs to the early IgH 
translocations and causes the dysregulation of MMSET and FGFR3293, 299, 300. This translocation is 
found in 11% of patients and is associated with fast progression from SMM to MM and also poor 
prognosis following anti-myeloma treatment. Translocation (4;16) is found from approximately 3% 
of patients, also belongs to early IgH translocations and causes the upregulation of MAF. Deletion 
(17p) is found in 10% of untreated MM tumors and the prevalence rises with diseases progression. 
Deletion (17p) involves the loss of TP53. Other clinically relevant but less common translocations 
include t(14;20) and t(8;14) which both causes the upregulation of MAF and are associated with poor 
prognosis and  t(11;14) and t(6;14) which involve changes in cyclin D1 and cyclin D3 and are on the 
contrary considered being neutral or even favourable. 
 
1.4.3 MM tumor microenvironment 
Besides the genetic changes, the interactions between MM cells and the BM microenvironment are 
crucial for the disease development293, 296 (Fig. 1.5). Particularly in the early stages of the disease, the 
malignant cells grow and proliferate almost exclusively in the BM. Furthermore, the notion that the 
malignant cells are unable to proliferate when cultured alone demonstrates the importance of BM 
microenvironment for supporting MM cell growth and survival. The BM microenvironment consists 
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of cellular and non-cellular compartments296, 302. The cellular compartment includes hematopoietic 
cells such as immune cells, erythrocytes, megakaryocytes and platelets and non-hematopoietic cells 
such as stromal cells, adipocytes, osteoclasts, osteoblasts and components of the vasculature. The 
non-cellular compartment includes the extracellular matrix (ECM), oxygen concentration and the 
liquid compartment such as cytokines, growth factors and chemokines. MM cells display complex 
interactions with all these components. 
BM stromal cells (BMSCs) are connective tissue cells that provide support for other cells in the 
BM302. In MM, the malignant cells adhere to BMSCs and ECM via adhesion molecules. This 
adhesion causes upregulation of cell cycle regulating proteins and anti-apoptotic proteins in MM 
cells303. Particularly, the adhesion triggers the NF-κB pathway and secretion of IL-6 in BMSCs304. 
Yet, MM cells secrete cytokines such as TNFα, TGFβ and VEGF which further increases IL-6 
production in BMSCs305. Notch is also involved in mediating the MM cell and BMSC interactions303, 
306. Activation of Notch signalling pathway further induces the production of IL-6, VEGF and insulin-
like growth factor (IGF-1) in both cell types303. The increase in the level of the cytokines IL-6, VEGF 
and IGF-1 in the BM microenvironment enhances the growth, survival, drug resistance and migration 
of the malignant cells305. Furthermore, BMSCs promote angiogenesis by secreting cytokines such as 
VEGF, basic-fibroblast growth factor (bFGF), hepatocyte growth factor (HGF), IL-6 and IL-8307. 
Interestingly, BMSCs can also release exosomes that are transferred into MM cells308. Exosomes 
from MM patients contain more oncogenic proteins, cytokines and protein kinases which promote 
tumor growth compared to exosomes from healthy individuals.      
In addition to BMSCs, the function of osteoblasts, the bone forming cells, and osteoclasts, the bone 
degrading cells of the BM is altered during MM progression302. Osteoblasts support MM cell growth 
and survival during MM progression by secreting IL-6 following interaction with MM cells309. 
Osteoblasts are also able to secrete osteoprotegerin (OPG) which can block the TNF-related 
apoptosis-induced ligand/Apo2 ligand (TRAIL/Apo2L)-mediated cell death of MM cells310. 
Furthermore, the bone formation activity of osteoblasts is suppressed during MM due to several 
factors such as overexpression of dickkopf1 (DKK1) in MM microenvironment leading to bone 
destruction and increase in MM tumor growth311. In addition, the activity of osteoclasts is enhanced 
in MM further increasing bone destruction and the development of osteolytic lesions303. Several 
factors such as receptor activator of NF-κB ligand (RANKL), OPG, macrophage inflammatory 
protein (MIP)-1α, IL-6 and IL-3 are involved with the enhanced osteoclast activity312. In addition, 
osteoclasts secrete osteopontin, thus promoting angiogenesis during MM313. 
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In addition to BMSCs, MM cells directly bind ECM which causes upregulation of anti-apoptotic 
proteins and changes in cell-cycle regulation in MM cells302. Furthermore, ECM contributes to the 
pre-metastatic niche by altering protein expression. A group of ECM proteins, ECM receptors and 
ECM-modulating enzymes are progressively upregulated during the transition from MGUS to 
MM314. IL-6 is considered to be the key cytokine for MM cell growth and survival303. It is mainly 
produced by BMSCs, osteoblasts and malignant PCs by an autocrine manner. Binding of IL-6 to the 
receptors on MM cells causes the activation of MEK/MAPK, JAK/STAT3 and PI3K/Akt signalling 
pathways leading to enhanced cell growth, survival and drug resistance305. Clinically, IL-6 levels 
have been shown to increase during disease progression and to indicate poor prognosis315.  
 
1.4.4 MM and the immune system 
As in many other cancers, the immune system plays a dual role in MM development (Fig. 1.5). Both 
adaptive and innate cells have been shown to be able to recognize and kill MM cells. However, 
increasing inflammation and immune suppression has been associated with disease progression. 
Several studies have found a significant increase in MDSCs in MM patient blood and BM316-319. The 
same has been observed in mouse MM models, particularly during the early events of disease 
development318, 320.  Both human and mouse MM associated MDSCs have been demonstrated to be 
able to suppress CD8+ T cell proliferation and function316-318, 321. This suppression was associated 
with increase in the levels of iNOS, ARG1, IL-6 and IL-10317, 321.  In addition, human MDSCs were 
able to induce Tregs316 and the growth of MM cells which in turn induced MDSCs317. This data 
suggests MDSCs playing a critical role in immune suppression in MM.  
The BM microenvironment of MM patients has also been shown to be heavily infiltrated by CD68+ 
macrophages322. These myeloma-associated macrophages have been shown to promote MM 
progression by producing cytokines such as IL-10, IL-6 and TNFα that either directly or indirectly 
promote MM cell growth323. Macrophages also protect myeloma cells from caspase-dependent 
apoptosis conferring resistance to chemotherapy322. In addition, myeloma-associated macrophages 
promote angiogenesis in myeloma microenvironment by secreting proangiogenic factors such as 
VEGF324 and by specializing into endothelial-like cell type leading towards capillary-like 
structures325.  
The role of Tregs in MM is controversial. Several groups have reported an increase in functional 
Tregs in the peripheral blood of MM patients compared to healthy individuals326-329. This increase 
was associated with faster disease progression329 and shorter overall survival328. It was also shown 
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that Tregs isolated from MM patients displayed increased suppressive capacity by secreting more IL-
10 and TGFβ compared to healthy individuals’ Tregs326. In addition, correlation between increased 
Treg numbers and disease progression has also been demonstrated in MM mouse models330. 
However, there are also reports showing decreased number of Tregs in MM patient peripheral blood 
with impaired functions compared to healthy controls331.  
The function of NK cells have been studied extensively in the context of MM. Their importance for 
controlling MM progression has been demonstrated by depleting them in various MM mouse 
models332, 333. In addition, human NK cells have been shown to be able to kill MM cell lines334-336 and 
the cytotoxic activities of autologous NK cells against myeloma cells has been demonstrated335, 337. 
Furthermore, IFNγ produced by human NK cells can inhibit MM cell proliferation in vitro338. 
Mechanisms for MM cell recognition by NK cells involves low MHC class I expression on malignant 
cells335 and various activating receptors expressed on NK cells such as DNAM-1, NKG2D and the 
natural cytotoxicity receptors (NCRs) NKp46, NKp30 and NKp44334, 335. NKp46 is essential for NK 
cell-mediated MM cell recognition since inhibition of NKp46 significantly reduced the killing of all 
the tested MM cell lines334. MM cells from most patients have been shown to express CD155 and 
blocking DNAM-1 prevented NK cells from killing CD155 expressing MM cell lines in vitro334. In 
mice, the importance of DNAM-1 for the control of MM growth has been demonstrated by showing 
decreased survival of MM-bearing mice lacking DNAM-1 compared to mice with functional DNAM-
1332. Also MIC-A, the ligand for NKG2D, has been shown to be expressed on BM-derived MM cells 
and NK cell mediated killing of MIC-A+ MM cells was reportedly NKG2D-dependent335.    
The number of NK cells is elevated in MM patient BM and peripheral blood compared to healthy 
individuals339, 340. Surprisingly though, the increase in NK cell number was correlated with worse 
prognosis339. Later, it was discovered that NK cell function is decreased in MM patients due to 
immunoediting of MM cells and various immune suppressive mechanisms in the tumor 
microenvironment. The expression of NK cell receptor ligands such as MIC-A decreases on MM 
cells during disease progression335. On the contrary, the expression of MHC class I on MM cells was 
shown to increase during disease development335, 341. Furthermore, MIC-A shedding from the MM 
cell surface resulted in soluble ligand that may have caused changes in NK cell NKG2D expression342. 
In addition, other activating receptors on NK cells such as DNAM-1 and 2B4/CD244 and the low 
affinity Fc receptor (FcR) CD16 show decreased expression in MM334, 343. Finally, NK cell trafficking 
into BM decreases in MM due to changes in chemokine levels333.  
According to several reports, the capacity of CD11c+ DCs to stimulate T cells is decreased in MM344-
346 due to several soluble factors such as IL-10 and IL-6 in the tumor microenvironment 344, 345. MM 
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patient DCs are also capable of inducing and maintaining Tregs in vitro and in patients following 
injection of cytokine-matured DCs347. In addition, pDCs have been shown to enhance the growth, 
survival, chemotaxis and drug resistance of MM cells and the number of pDCs is increased in the BM 
of MM patients compared to healthy controls348.   
The essential role of CD8+ T cells in the control of MM growth was shown using mouse MM 
models332. Evidence suggested that MM cells expressed antigens that triggered CD8+ T cell 
responses. CD8+ T cells showing clonal expansion during MGUS and early stages of MM most likely 
reflect the chronic stimulation with myeloma antigens349. Furthermore, tumor-specific T cells can be 
recovered from MM patient BM and blood that are able to recognize and kill autologous primary 
myeloma cells after stimulation with myeloma lysate-pulsed DCs350, 351. Interestingly, unlike T cells 
isolated from MM patients, MGUS patient T cells were able to respond to autologous myeloma cells 
without any stimulation indicating a decrease in the activity of myeloma-specific T cells during MM 
progression352. Stimulation with allogeneic tumor lysate-pulsed DCs did not cause activation of either 
MM or MGUS patient T cells indicating that most tumor antigens were unique in each patient350-352.  
However, some tumor antigens are shared between different patients such as cancer-testis antigens 
NY-ESO-1 and MAGE, Muc-1, sperm protein 17, transcription factors PRDI-BF1 and XBP-1 and 
the differentiation antigen CD138 and thus seem like potential targets for anti-myeloma therapy353. 
Interestingly, small number of MM patients who have survived with symptomatic MM for >10 years 
have distinct immunological profiles with expanded cytotoxic T cell clones that unlike most MM 
patients, respond to stimulation with proliferation and cytokine production354. 
In addition to CD8+ T cells, MM patients also show changes in their CD4+ T helper cell composition 
compared to healthy individuals. Increased numbers of IFNγ and IL-2 secreting T cells were reported 
for MGUS patients compared to MM patients indicating a decrease in Th1 cells in MM patients355. 
In addition, increased T cell IL-4 production in MM patients further supported a shift towards Th2 
polarization during MM progression355. The same phenomenon was observed in another study 
showing decreased levels of IFNγ but increased levels of IL-10 and IL-4 in MM patient sera compared 
to healthy controls356. Increased levels of IL-6 in MM tumor microenvironment may contribute to the 
inhibition of Th1 responses357.  In addition, an increased proportion of Th17358, 359 and T-helper 22 
(Th22) cells360 were reported in BM and blood of MM patients compared to healthy individuals. 
These cells produced IL-17 and IL-22, respectively, which induced the proliferation of MM cells and 
thus may have contributed to MM development358, 360.  
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Figure 1.5 The MM tumor microenvironment.  
MM cells have both tumor supportive and tumor suppressive interactions with immune cells and other 
components of the BM microenvironment. T and NK cells can recognise and kill MM cells while 
Tregs, MDSCs, tumor-associated macrophages (TAMs) and bone marrow stromal cells (BMSCs) 
promote disease development296. Figure adapted from Guillerey et al.296. 
 
1.4.5 MM therapy 
Indication for the commencement of therapy in patients with a diagnosed MM is the development of 
end-organ damage295. The decision about suitable treatment depends on the patient´s eligibility for 
autologous stem cell transplantation (ASCT) and risk-stratification294. The most commonly used 
criteria for transplant eligibility include age and the absence of serious heart, lung, kidney or liver 
dysfunction or other uncontrolled co-morbidities, such as diabetes295. Risk-stratification determines 
the combination treatment and is based on chromosomal and genetic changes with high-risk patients 
having 17p deletion, t(14;16), t(14;20) or high risk gene expression profiling signature294. 
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1.4.5.1 Autologous stem cell transplantation (ASCT) 
ASCT eligible patients usually receive two to four cycles of induction therapy before stem cell 
harvest294. After harvest, the patients either undergo transplantation or are treated again with induction 
therapy delaying the ASCT until relapse. The induction therapy usually consists of different 
combinations of immunomodulatory drugs (IMiDs) (lenalidomide, thalidomide), proteasome 
inhibitors (bortezomib, carfilzomib), corticosteroids (dexamethasone) and chemotherapy 
(cyclophosphamide, doxorubicin, cisplatin, etoposide) tailored according to the risk assessment of 
each patient293, 294. A limited number of treatment cycles can also be given after the transplantation 
as a maintenance therapy295. The initial therapy for patients not eligible for ACST is similar to the 
induction therapy for ACST eligible patients consisting of different combinations of IMiDs 
(thalidomide, lenalidomide), proteasome inhibitors (bortezomib), corticosteroids (prednisone, 
dexamethasone) and chemotherapy (melphalan, cyclophosphamide)293, 294. This treatment is 
generally continued for nine to 18 months294. Melphalan is usually not given to ASCT eligible patients 
due to its toxicity to stem cells.  
ASCT improves median overall survival of MM patients by approximately 12 months294. The timing 
of the transplantation, whether conducted early after induction therapy or late at the time of relapse, 
does not affect the overall survival. Also the results concerning whether ASCT should be performed 
in tandem or only once are controversial. Absolute lymphocyte count recovery measured after ASCT 
reflects the host immune system and is an independent prognostic factor for survival361. The role of 
allogeneic transplantation in treating MM remains controversial294. It generally causes more profound 
anti-tumor efficacy against malignant cells compared to ASCT but also triggers higher treatment-
related complications mainly due to GVHD295. Allogeneic transplantation is usually considered for 
young MM patients with high risk disease294.  
 
1.4.5.2 Immunomodulatory drugs (IMiDs) 
Thalidomide and its analogues are called IMiDs due to their immune regulatory properties296. 
Thalidomide is a glutamic acid derivative which has anti-angiogenic362 and anti-inflammatory 
properties363 and direct effects on MM cells364 causing it to be effective treatment for advanced 
MM365. All IMiDs have the ability to promote host immunity while removing the MM cell protection 
provided by the BM microenvironment296 (Fig. 1.6). Thalidomide and other IMiDs increase the 
cytotoxicity of T cells366, 367 and NK cells368 against myeloma cells. Furthermore, they boost NKT 
cell responses369 and affect the expression of immune checkpoint receptors367. It has also been 
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reported that lenalidomide causes an increase in activated T and NK cells in the blood of MM 
patients370.  
 
1.4.5.3 Proteasome inhibitors 
The ubiquitin-proteasome pathway is the main protein degradation pathway in eukaryotic cells and 
essential for the turnover of many proteins involved in tumorigenesis such as cyclins and cyclin-
dependent kinases371. Given this, proteasome inhibitors are efficient in inducing apoptosis of certain 
cancer cells such as MM cells. Bortezomib in particular has efficacy in treating MM372. In addition 
to the direct effects on MM cells, bortezomib modulates the host immune system (Fig. 1.6). Mouse 
studies have demonstrated that bortezomib enhances anti-tumor effects by increasing CD8+ T cell 
effector molecule expression373.  It also causes upregulation of human NK cell activating receptors337 
while downregulating antigen presentation by MM cells thus sensitizing malignant cells to NK cell-
mediated lysis374. Furthermore, bortezomib causes immunogenic MM cell death that leads to the 
uptake and presentation of tumor antigens by DCs and thus to T cell-mediated immunity against 
MM375. However, bortezomib is also associated with severe treatment related toxicities such as 
thrombocytopenia, neutropenia, lymphopenia and peripheral neuropathy372. The immunosuppressive 
adverse effects are in concordance with the in vitro toxicity of bortezomib to lymphocytes376.  
Novel agents, including IMiDs and proteasome inhibitors have prolonged the survival of MM 
patients. However, MM is still considered mostly incurable and new strategies for the disease control 
are desperately needed. Given the vast immune suppression during MM development, 
immunotherapy that restores the immune function seems very attractive and a variety of 
immunotherapeutic approaches are indeed currently being evaluated in the treatment of MM377. 
Monoclonal Abs targeting tumor antigens, ICB and adoptive cellular therapy in particular have 
recently been in the focus of new MM therapies.  
 
1.4.5.4 Immunotherapy 
1.4.5.4.1 Monoclonal Abs targeting MM cells 
Monoclonal Abs targeting tumor antigens have the potential to deplete tumor cells by CDC, ADCC 
and/or antibody-dependent cellular phagocytosis (ADCP)378 (Fig. 1.6). In addition, the antibodies 
might directly affect the tumor cells by blocking the function of the target molecule, inducing 
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apoptosis or by delivering conjugated toxins377. Generally these antibodies have low toxicities due to 
their specificity to malignant cells378. CD38 is a membrane glycoprotein which has high expression 
on MM cells and lower expression on normal lymphoid and myeloid cells378. It mediates proliferative 
signals into the cell, catabolizes extracellular nucleotides and is part of cell signalling and adhesion 
pathways. Daratumumab is a fully human anti-CD38 IgG1 that was approved by the FDA for the 
treatment of relapsed/refractory MM (RRMM) in 2015. As a single agent, daratumumab showed 
dose-dependent activity against RRMM and had tolerable safety profile in phase I/II379 and II 
studies380.  Furthermore, daratumumab has shown efficacy in treating patients with RRMM when 
combined with lenalidomide and dexamethasone, bortezomib and dexamethasone, bortezomib, 
melphalan and prednisone, bortezomib, thalidomide and dexamethasone or pomalidomide and 
dexamethasone in various clinical studies381. Also two other human CD38 targeting antibodies, 
isatuximab and MOR202 which have slightly different anti-tumor mechanisms of action to 
daratumumab, are currently under clinical trials378. Signalling lymphocytic activation molecule 
family member 7 (SLAMF7) (CS1, CD319) is highly expressed on malignant and normal PCs377. It 
is also expressed on other lymphocytes such as NK cells but at a lower level. SLAMF7 has a role in 
MM cell growth, survival and adhesion and in regulating immune responses. Elotuzumab is a 
humanized anti-SLAMF7 IgG1 that has several mechanisms of action including induction of ADCC, 
inhibition of MM adherence to BMSCs and stimulation of the cytotoxicity of NK cells382, 383. As a 
monotherapy, elotuzumab showed no objective responses in patients with RRMM in a phase I trial384. 
However, when given in combination with lenalidomide and dexamethasone, lenalidomide 
significantly increased ORR in RRMM patients in a phase III study with manageable adverse 
events385. This led to the approval of elotuzumab in the treatment of RRMM by the FDA and the 
European Medicines Agency (EMA) in 2015/2016378.  In addition to anti-CD38 and anti-SLAMF7 
mAbs, several other mAbs are currently being tested in the treatment of RRMM such as antibodies 
targeting CD56, CD138, IL-6 receptor and VEGF receptor386.  
1.4.5.4.2 Adoptive cellular therapy 
Adoptive cellular therapy, especially CAR-T cell therapy has shown significant efficacy against 
advanced haematological cancers377. In MM treatment, the T cells have been modified to express a 
synthetic TCR that has specificity for a certain surface antigen expressed on MM cells378. In addition, 
the intracellular part of the synthetic TCR contains a domain for CD3 stimulation and possibly for 
either CD28 or CD137 co-stimulation in order to achieve a complete T cell activation following TCR 
binding. After the patient’s T cells have been modified to express CAR and expanded in vitro, the 
cells are transfused back into the patient377. To date, several targets for CAR-T cell therapy for MM 
treatment have been reported such as B cell maturation antigen (BCMA), CD19, CD138, CD44 
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isoform variant 6 (CD44v6), CD70, SLAMF7 and Igκ386 with clinical trial data available for therapy 
targeting BCMA, CD19 and CD138378. BCMA is expressed on the B cell lineage and particularly on 
MM cells378. It is involved in the maturation of B cells into PCs. Several clinical trials involving 
BCMA-specific CAR-T cells are ongoing and many have reported encouraging results with as high 
as 100% ORR among RRMM patients387, 388. CD19 is not commonly detected on MM cells, but 
surprisingly, one case report described a complete response lasting for at least 12 months after ASCT 
and CD19-spesific CAR-T cell therapy in a patient with RRMM389. It was speculated that the CD19-
specific CAR-T cells targeted a small CD19+ myeloma cell population that may represent the drug-
resistant disease reservoir or alternatively, the therapy depleted CD19+ non-malignant cells which 
may deliver immune evasion and resistance to therapy. CD138 (syndican-1) is highly expressed on 
MM cells but also on a variety of normal cells such as bronchial cells introducing a possible risk of 
high toxicity for CD138-specific CAR-T cell therapy377. Surprisingly, a phase I trial reported anti-
myeloma efficacy for CD138-directed CAR-T cell therapy in RRMM patients without intolerable 
adverse events390. Regardless of the anti-myeloma efficacy reported so far, CAR-T cell therapy faces 
many concerns including enormous costs, difficulty to identify a target specific for MM cells and the 
risk of serious adverse events such as cytokine release syndrome (CRS)386.  
1.4.5.4.3 ICB 
Given the unprecedented anti-tumor efficacy of ICB in treating various malignancies, this therapy is 
currently also being examined in the setting of MM378. The PD-1/PD-L1 pathway is the best 
characterized immune checkpoint pathway in MM296. Even though normal PCs do not express PD-
L1, the expression is upregulated in MM cells391-393. The expression on MM cells is associated with 
chromosomal changes, with hyperdiploidy correlating with higher PD-L1 expression394. Furthermore, 
PD-L1 upregulation is even further increased in the presence of IFNγ392 and IL-6395. In addition to 
MM cells, other cell populations such as MDSCs394 and pDCs396 express PD-L1 in the BM during 
MM. PD-L1 expression on MM cells correlates with increased proliferation of malignant cells, 
resistance to anti-myeloma therapy and disease relapse395, 397. PD-L1 expression is especially 
increased during relapse and correlates with increased tumor burden in the BM and increased lactate 
dehydrogenase levels in sera395. Interestingly, the level of soluble PD-L1 (sPD-L1) is also increased 
in MM patients compared to healthy individuals and higher levels also correlate with decreased 
response to treatment and shorter progression free survival398. In addition, PD-1 expression increases 
on circulating391 and BM399 T cells in advanced MM patients. In vitro studies demonstrated that PD-
1 and/or PD-L1 blockade suppressed human BMSC mediated MM cell growth and enhanced T and 
NK cell-mediated cytotoxicity against MM cells394. Furthermore, blockade of PD-L1 following 
syngeneic hematopoietic stem cell transplantation (HSCT) and cell-based vaccination improved 
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survival in a mouse model of MM400. Given these findings, PD-1/PD-L1 seemed as an attractive 
pathway to target in the treatment of MM.  
Nivolumab (anti-PD-1 mAb) was first tested in a phase Ib clinical trial among patients with different 
haematological malignancies401. Disappointingly, no objective responses were observed in RRMM 
patients. The best result was low level of adverse events and a stable disease in 18 out of 27 patients 
indicating that PD-1 blockade could work in combination with other therapies against MM. Currently, 
nivolumab is being tested in several clinical trials as a single agent (NCT01592370) and in different 
combinations with other immunotherapies and IMiDs (NCT01592370 and NCT02726581) and 
following autologous (NCT02681302) or allogeneic HSCT (NCT01822509). The efficacy of another 
PD-1 targeting antibody, pembrolizumab, was investigated in a phase I study in combination with 
lenalidomide and dexamethasone in the treatment of RRMM patients402. The combination resulted in 
50% ORR with one complete response. This led to a phase III study testing the efficacy of the same 
combination (NCT02579863). In addition, two studies investigating the anti-myeloma efficacy of the 
combination of pembrolizumab, pomalidomide and dexamethasone were started (NCT02289222 and 
NCT02576977). However, the trials with pembrolizumab in combination with IMiDs were halted by 
FDA in 2017 due to increased deaths in the pembrolizumab treated groups378. In addition to PD-1 
targeting antibodies, two PD-L1 targeting antibodies, durvalumab and atezolizumab are under 
development for the treatment of MM, but no data has so far been published378. 
Polymorphisms in the gene coding for CTLA-4 have been associated with susceptibility for 
developing MM403, 404. Furthermore, the expression of CTLA-4 and FOXP3 have been demonstrated 
to be increased in the BM of MM patients compared to healthy individuals suggesting an 
accumulation of Tregs in the BM during MM405. However, ipilimumab (anti-CTLA-4 mAb) failed to 
show efficacy in a small number of RRMM patients following allogeneic SCT406.  Several clinical 
trials are currently ongoing investigating ipilimumab in combination with other immunotherapies or 
IMiDs (NCT01592370) or in a transplantation setting (NCT02681302 and NCT01822509). Also, 
another anti-CTLA-4 mAb, tremelimumab, is currently being evaluated in combination with other 
immunotherapies, chemotherapy and ASCT in MM patients (NCT02716805).     
Given the importance of NK cells for the control of MM growth, several studies are aiming to enhance 
NK cell functions in MM treatment296. Killer-cell immunoglobulin-like receptor (KIR) family 
consists of both activating and inhibiting receptors expressed mostly on NK cells407. The inhibiting 
receptors recognise allelic variants of HLA-I molecules which enables NK cells to react to alterations 
in HLA-I expression408. The expression of inhibitory KIRs is upregulated on NK cells during MM409, 
410. In addition, the expression of inhibitory KIR ligands increases during MM progression which 
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causes NK cells to lose their ability to recognise malignant cells leading to loss of immune 
surveillance335, 341, 411. In vitro studies showed that KIR blocking enhanced NK cell-mediated MM 
cell killing411. In a phase I study, lirilumab (IPH2101) a fully human IgG4 targeting KIR2D receptors 
enhanced ex vivo patient-derived NK cell-mediated cytotoxicity against MM cells but did not induce 
objective responses as a single agent409. A phase II study investigating the efficacy of lirilumab in 
treating SMM was terminated due to lack of patients meeting the defined primary objective412. 
Currently, lirilumab is being tested in combination with other immunotherapies (NCT02252263 and 
NCT01592370) to treat MM. Also monalizumab (IPH2201) a humanized IgG4 targeting NKG2A, 
HLA-E-specific inhibitory receptor expressed on NK cells408, is currently being evaluated in a clinical 
trial to treat haematological malignancies including MM following allogenic HSCT (NCT02921685).  
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Figure 1.6 MM therapies modulate the immune system.  
In addition to directly inhibiting or killing MM cells, most MM therapies also affect cells of the 
immune system296. For instance, mAbs targeting tumor antigens promote NK cell and tumor-
associated macrophage (TAM)-mediated antibody-dependent cellular cytotoxicity (ADCC) and 
antibody-dependent cell phagocytosis (ADCP). IMiDs enhance T, NK and NKT cell-mediated tumor 
cell killing and inhibit TAM-mediated cytokine production. Bortezomib enhances DC uptake and 
presentation of tumor antigens to T cells and may enhance DC and NK cell activity but can also be 
toxic to immune cells. Immune checkpoint inhibitors can unleash the indigenous anti-tumor activity 
of T and NK cells and suppress Tregs. Figure adapted from Guillerey et al.296. 
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1.5 Conclusions and aims 
Extensive suppression of the immune system is one of the characteristic features of cancer 
development. Regulatory cells such as Tregs and MDSCs, and immune checkpoint receptors play a 
crucial role in creating an immune suppressive tumor microenvironment.  Given this, the development 
of immune checkpoint inhibitors represents one of the most successful approaches in cancer therapy 
today. Indeed, ICB targeting PD-1 or CTLA-4 are already used as a frontline treatment for multiple 
different malignancies such as melanoma, NSCLC and RCC and their effectiveness in the treatment 
of other cancers are currently under an extensive investigation. However, the majority of cancer 
patients still do not respond to the currently available ICB therapy indicating an urgency to discover 
new targets for ICB which can safely and effectively be used either as a single therapy or in 
combinations. Finally, despite its prevalence, MM has proven to be a challenge for cancer therapy 
and thus it is still considered to be an incurable disease. ICB targeting novel inhibitory receptors gives 
hope for a potential MM disease management in the future.   
This thesis focuses on the following aims: 
1. Assessing the effects of targeting a novel immune checkpoint receptor, CD96 in combination 
with PD-1 or TIGIT on immune homeostasis and autoimmunity (Chapter 3). 
2. Assessing the effects of targeting CD96 in combination with PD-1 or TIGIT on tumor 
immunity (Chapter 4). 
3. Assessing the effects of targeting TIGIT in MM (Chapter 5). 
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Chapter Two 
 
Materials and Methods 
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2.1. In vitro experiments 
2.1.1 Solid tumor cell lines 
All the solid tumor cell lines used in this study are listed in Table 1. 
 
Table 1 - Solid tumor cell lines 
 
Cell line Tumor type Background Source Media CO2 level 
SM1WT1 Melanoma C57BL/6 Created in 
house 
Complete 
RPMI 
5% 
MC38 Colon 
adenocarcinoma 
C57BL/6 PMCC Complete 
DMEM 
10% 
MCA1956 Fibrosarcoma C57BL/6 Prof Robert 
Schreiber 
Complete 
RPMI 
5% 
AT3 Mammary 
adenocarcinoma 
C57BL/6 Dr Trina 
Stewart, 
PMCC 
Complete 
DMEM 
10% 
 
All the solid tumor cell lines were maintained in the appropriate media and CO2 atmosphere in 
humidified incubators at 37°C. Cells with ~70-80% confluence were passaged at approximately two 
days intervals by washing with phosphate buffered saline (PBS) and detaching the cells with Tryple 
(Gibco, Life Technologies, USA). Cells within three to five passages of cell culture were used for 
experiments. Cell viability was assessed with trypan blue before using in vivo. All cell lines had 
previously been tested as mycoplasma negative, although they were not regularly tested. 
 
SM1WT1 was created in house and has been described before413. 
 
Abbreviations used in the above table are as follows: 
PMCC: Peter MacCallum Cancer Centre, Melbourne, Australia 
CO2: carbon dioxide 
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Complete RPMI media: RPMI 1640 media (Gibco, Life technologies, CA, USA) with 10% fetal calf 
serum (Thermo Scientific), GlutaMAX 1× (Gibco, Life technologies, CA, USA), HEPES 10 mM 
(Gibco, Life technologies, CA, USA) and penicillin/streptomycin 100 U/ml (Gibco, 
LifeTechnologies, CA, USA). 
 
Complete DMEM media: Dulbecco’s Modified Eagle Medium (DMEM) media (Gibco, Life 
Technologies, CA, USA) with 10% fetal calf serum (Thermo Scientific), GlutaMAX 1× (Gibco, Life 
Technologies, CA, USA), HEPES 10 mM (Gibco, Life technologies, CA, USA) and 
penicillin/streptomycin 100 U/ml (Gibco, LifeTechnologies, CA, USA). 
 
 
2.1.2 MM cell lines 
Transplantable Vk12653 and Vk12598 MM cell lines were derived from Vk*MYC transgenic mice 
and have previously been described414. For expansion, the cell lines were injected into Rag2-/-γc-/- 
mice whose spleens were harvested approximately four weeks after the injections and after the 
presence of M-protein in the sera had been confirmed. Single cell suspensions were then generated 
and frozen.  
 
2.1.3 Serum M-protein measurement 
Blood was collected by eye bleeding from indicated groups of mice which was allowed to clot and 
then centrifuged at 10,000 rpm for 10 minutes to separate serum. The presence of M-protein in the 
serum was quantified by Hydragel protein assay (HYDRASYS, Sebia Hydragel) according to the 
manufacturer’s protocol. This method is routinely used in clinical laboratories for screening samples 
for protein abnormalities in sera such as MM. It utilizes gel electrophoresis to separate serum proteins 
into five major fractions: albumin, alpha-1, alpha-2, beta and gamma (Fig. 2.1)  
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Figure 2.1 Serum M-protein levels were determined by gel electrophoresis.   
Hydragel protein assay was used to determine M-protein (gamma-globulin) levels in the serum. In 
this method, gel electrophoresis is utilized to separate serum proteins into five major fractions: 
albumin, alpha-1, alpha-2, beta and gamma. This data is included in Fig. 5.13A and Fig. 5.14A as 
Expt 1.  
 
 
2.1.4 Primary cell isolation 
2.1.4.1 Single cell isolation from spleen 
Spleens were harvested from euthanized mice, weighed and mashed with the back of a syringe 
plunger on a 40 or 70 µm cell strainer (BD Biosciences, USA) inserted into a 50 ml tube. Ten 
millilitres PBS was then added through the strainer and the cell suspension was centrifuged at 1400 
rpm for 4 minutes. Erythrocytes were removed by incubating splenocytes in red blood cell lysis 
buffer: Ammonium-Chloride-Potassium (ACK). The reaction was stopped after one minute by adding 
10 ml PBS. The cell suspension was centrifuged again at 1400 rpm for 4 minutes followed by re-
suspension of the pellet in either 1 ml fluorescence-activated cell sorting (FACS) buffer (PBS 
supplemented with 2% fetal calf serum) in the presence of 2.4G2 (anti-CD16/32) to block FcRs or 
complete medium preceding either FACS analysis or in vitro stimulation, respectively.    
   
2.1.4.2 Single cell isolation from lung 
Lungs were perfused with 10 ml PBS via the right ventricle to remove blood and excised from 
euthanized mice. Lungs were minced finely by scissors and incubated in 3 ml digestion buffer: RPMI 
media containing 1 mg/ml Collagenase IV (Worthington Biochemical Corporation, Australia) and 20 
µg/ml DNase I (Roche Diagnostics Corporation, Indiana, USA) for 30 minutes at 37 ̊C. Digested 
lungs were mashed with the back of a syringe plunger on a 40 or 70 µm cell strainer (BD Biosciences, 
USA) inserted into a 50 ml tube. Ten millilitres PBS was then added through the strainer and the cell 
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suspension was centrifuged at 1400 rpm for 4 minutes. The pellet was re-suspended in 1 ml FACS 
buffer in the presence of 2.4G2. 
 
2.1.4.3 Single cell isolation from inguinal lymph nodes 
Inguinal lymph nodes were harvested from euthanized mice and mashed with the back of a syringe 
plunger on a 35 µm cell strainer (BD Biosciences, USA) inserted into a 5 ml round bottom tube. Four 
millilitres PBS was then added through the strainer and the cell suspension was centrifuged at 1400 
rpm for 4 minutes. The pellet was re-suspended in 200 µl FACS buffer in the presence of 2.4G2.  
 
2.1.4.4 Single cell isolation from blood 
Fresh blood was collected by either eye bleeding or cardiac puncture and maintained in heparin 
(Pfizer). Red blood cells were removed by adding 1ml ACK lysis buffer for five minutes, centrifuged 
at 1400 rpm for 4 minutes, incubated in ACK lysis buffer for another 4 minutes and centrifuged again 
at 1400 rpm for 4 minutes. Cells were then washed once with PBS and centrifuged at 1400 rpm for 4 
minutes. The cell pellet was re-suspended in 200 μl FACS buffer in the presence of 2.4G2. 
 
2.1.4.5 Single cell isolation from bone marrow 
Femurs were harvested from euthanized mice and cleaned of excess tissue. The bottom of a PCR tube 
was pierced with a 23 G needle and placed in a 1.5 ml microcentrifuge tube with 200 μl FACS buffer 
at the bottom. One end of the femur was cut and the bone was placed in the PCR tube with the cut 
end facing down. The tube was centrifuged at 13,000 rpm quick spin while the bone marrow flushed 
into the microcentrifuge tube. One millilitre of PBS was then added and cells were filtered through 
70 µm cell strainer inserted into a 50 ml tube. Cell suspension was centrifuged at 1400 rpm for 4 
minutes and cell pellet resuspended in either 500 µl FACS buffer in the presence of 2.4G2 or complete 
medium preceding either FACS analysis or in vitro stimulation, respectively.      
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2.1.4.6 Isolation of TILs 
Tumors were harvested from euthanized mice, weighed and minced finely by scissors in a 6-well 
plate. Five millilitres digestion media (1 mg/ml Collagenase IV [Worthington Biochemical 
Corporation, Australia] and 20 μg/ml DNase I [Roche Diagnostics Corporation, Indiana, USA] in 
RPMI) was added to the tumor and the plate was incubated on a shaker set to 150 rpm for 45 minutes 
at 37°C. Digested tumor was mashed with the back of a syringe plunger on a 70 µm cell strainer (BD 
Biosciences, USA) inserted into a 50 ml tube. Ten millilitres PBS was then added through the strainer 
and the cell suspension was centrifuged at 1400 rpm for 4 minutes. The cell pellet was re-suspended 
in 1 ml of PBS and passed again through a 70 µm cell strainer to further remove any debris. The cell 
suspension was centrifuged at 1400 rpm for 4 minutes and the pellet re-suspended in 200 μl - 1 ml 
(depending on tumor size) FACS buffer in the presence of 2.4G2 or complete medium preceding 
either FACS analysis or in vitro stimulation, respectively.    
 
2.1.5 In vitro cell stimulation 
2.1.5.1 T and NK cell stimulation 
Spleens were harvested and single cell suspensions generated as above. Splenocytes were then 
incubated with 50 ng/ml anti-CD3 mAb and 500 ng/ml anti-CD28 mAb in complete RPMI or 50 
pg/ml IL-12 and 50 ng/ml IL-18 in complete RPMI to stimulate T cells or NK cells, respectively, for 
12 hours at 37°C. For NK cell stimulation, brefeldin A and monensin (eBioscience) were additionally 
added in the incubation media to stop cytokine release from the cells. Following incubation, cells 
were washed and stained for FACS analysis. 
 
2.1.5.2 PMA-ionomycin stimulation of TILs 
On day 21 following tumor inoculation, tumors were harvested and single cell suspensions generated 
as described above. Cells were then incubated with Cell Stimulation Cocktail containing Phorbol 12-
Myristate 13-Acetate (PMA)-ionomycin, brefeldin A and monensin (eBioscience) in complete RPMI 
for four hours at 37°C. Following incubation, cells were washed and stained for FACS analysis. 
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2.1.5.3 PMA-ionomycin stimulation of spleen and BM cells 
Spleens and BMs were harvested and single cell suspensions generated as described above. Cells 
were incubated with Cell Stimulation Cocktail containing PMA-ionomycin, brefeldin A and 
monensin in complete RPMI for two hours at 37°C. Following incubation, cells were washed and 
stained for FACS analysis. 
 
2.1.6 Flow cytometry 
Spleens, lungs, lymph nodes, blood, BM or tumors were harvested and processed as described above. 
For surface staining, the cell suspensions were incubated in the presence of appropriate antibodies 
listed in Table 2.2 for 30 minutes at 4°C. The cells were then washed twice with FACS buffer and 
then re-suspended in 50 μl FACS buffer.  
For intracellular detection of Foxp3 or Ki67, the cells were fixed and permeabilized by using Foxp3 
Fixation/Permeabilization kit (eBioscience) and then incubated with anti-Foxp3 or anti-Ki67 
antibody for 30 minutes at 4°C. For intracellular detection of cytokines such as IFNγ and cytolytic 
molecules such as GrzB, the cells were fixed and permeabilized by using BD CytoFix/CytoPerm kit. 
The cells were then washed and re-suspended in FACS buffer.  
Zombie Aqua was added to the samples during cell surface staining to identify live cells. To determine 
the absolute number of cells, liquid counting beads (BD Biosciences) were added to the samples just 
before running them on flow cytometer and the number of cells was calculated based on equation: 
Absolute cell number = (number of collected cells x number of added beads / number of collected 
beads)    
All data was collected on a Fortessa 4 (Becton Dickinson) flow cytometer and analysed with FlowJo 
v10 software (Tree Star, Inc). All the flow cytometry antibodies are shown in Table 2.  
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Table 2 - List of flow cytometry antibodies 
 
Antigen Clone Fluorochrome Company 
CD45.2 104 A780 eBioscience 
CD3 17A2 ef450 eBioscience 
TCRβ H57-597 FITC eBioscience 
TCRβ H57-597 PerCP-Cy5.5 eBioscience 
CD4 RM4-5 AF647 Biolegend 
CD4 GK1.5 A780 eBioscience 
CD4 RM4-5 BV605 Biolegend 
CD8α 53-6.7 BV711 Biolegend 
CD19 6D5 FITC Biolegend 
B220 RA3-6B2 ef450 eBioscience 
B220 RA3-6B2 BV605 Biolegend 
CD138 281-2 BV421 Biolegend 
NK1.1 PK136 PE eBioscience 
NK1.1 PK136 PE-Cy7 eBioscience 
NKp46 29A1.4 FITC Biolegend 
NKp46 29A1.4 ef450 eBioscience 
NKp46 29A1.4 PE-Cy7 eBioscience 
CD49b DX5 ef450 eBioscience 
CD11b M1/70 FITC Biolegend 
CD11b M1/70 BV650 Biolegend 
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CD27 LG.7F9 APC eBioscience 
KLRG1 2F1 PE Biolegend 
F4/80 BM8 PE-Cy7 Biolegend 
GR-1 RB6-8C5 ef450 eBioscience 
GR-1 RB6-8C5 PE-Cy7 eBioscience 
Ly6G 1A8 FITC Biolegend 
CD11c N418 PE Biolegend 
CD11c N418 PE-Cy7 Biolegend 
MHCII M5/114.15.2 APC eBioscience 
CD44 IM7 APC Biolegend 
CD44 IM7 PE eBioscience 
CD62L MEL-14 FITC Biolegend 
CD62L MEL-14 APC eBioscience 
CD69 H1.2F3 PE-Cy7 eBioscience 
PD-1 J43 FITC eBioscience 
TIGIT 1G9 APC Biolegend 
CD96 3.3 PE Biolegend 
DNAM-1 480.1 PE Biolegend 
PD-L1 10F.9G2 BV421 Biolegend 
PD-L2 122 FITC eBioscience 
CD155 4.24.1 PE Biolegend 
CD112 829038 APC R&D Systems 
Foxp3 FJK-16s AF488 eBioscience 
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Foxp3 FJK-16s ef450 eBioscience 
Ki67 B56 AF647 BD Pharmingen 
Ki67 Sol185 ef450 eBioscience 
IFNγ XMG1.2 AF488 Biolegend 
IFNγ XMG1.2 APC Biolegend 
IFNγ XMG1.2 PE eBioscience 
TNFα MP6-XT22 BV605 Biolegend 
TNFα MP6-XT22 PE Biolegend 
IL-2 JES6-5H4 APC eBioscience 
GrzB GB11 Pacific Blue Biolegend 
 
 
2.1.7 Activation-induced cell death assay 
Spleens were harvested, single cell suspensions generated as described above and CD8+ T cells sorted 
based on the expression of TCRβ and CD8α. Sorted CD8+ T cells were stimulated by incubating the 
cells with 5 µg/ml anti-CD3 mAb and 1 µg/ml anti-CD28 mAb in complete RPMI for 48 hours at 
37°C. Cells were then washed and incubated in complete RPMI for another 48 hours at 37°C. At the 
end of incubation, cells were washed and incubated with (re-stimulation) or without (resting cells) 5 
µg/ml anti-CD3 mAb and 1 µg/ml anti-CD28 mAb in complete RPMI for eight hours at 37°C. Finally, 
cells were washed and stained for flow cytometric analysis. Annexin V and 7AAD stains were used 
to differentiate live (Annexin V-7AAD-), apoptotic (Annexin V+7AAD-) and dead (Annexin 
V+7AAD+) cells.   
 
2.1.8 Auto-antibody detection 
The level of anti-double-stranded DNA (anti-dsDNA) antibodies in the sera of indicated groups of 
mice was determined by enzyme-linked immunosorbent assay (ELISA). ELISA plates (Nunc) were 
coated with methylated bovine serum albumin (BSA) and sonicated calf thymus DNA (Sigma 
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Aldrich). 1:100 diluted sera was added on the plate and incubated for two hours at 37°C. The plate 
was washed and incubated with alkaline phosphatase (AP) -conjugated goat anti-mouse IgG (H+L) 
or IgM (Life Technologies) for 1 hour at 37°C before substrate: p-Nitrophenyl phosphate (pNPP) 
(Sigma Aldrich) was added. Absorbance was measured at wavelength 405 nm (samples) and 620 nm 
(background).    
For the presence of anti-nuclear antibodies (ANA), serum reactivity for cellular structures from 
indicated groups of mice was analysed by indirect immunofluoresence assay by testing serum 
sensitivity for fixed/permeabilized Hep-2 cells. Briefly, sera were diluted 1:50 in PBS and incubated 
on Hep-2 slides (Bio-Rad, USA) for 30 minutes at room temperature. Slides were stained with anti-
mouse IgG (H+L) -Alexa488 (Invitrogen) to detect serum antibodies and with 4′,6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich) for nuclear staining. Samples were imaged with Delta Vision 
Deconvolution Microscope (GE Life Sciences) and mean fluorescence intensity (MFI) minus 
background quantified by using Softworx Suite v2.  
The concentration of total IgG (H+L) in the sera of indicated groups of mice was determined by 
ELISA. ELISA plates (Nunc) were first coated with rabbit anti-mouse IgG (Southern Biotech) 
followed by serum sample titration on the plate. Mouse IgG (Sigma Aldrich) was also titrated on the 
plate to be used as standards. Plate was then incubated with horseradish peroxidise (HRP) -conjugated 
anti-mouse IgG (H+L) (Life Technologies) followed by incubation with substrate: 3, 3', 5, 5' 
tetramethyl benzidine (TMB) (Sigma Aldrich). Absorbance was measured at wavelength 450 
(samples) and 620 nm (background).   
 
2.1.9 Histology 
Mouse tissues were harvested and fixed in 10% neutral buffered formalin. Fixed tissues were then 
processed routinely and embedded in paraffin. Four μm sections were cut and stained with 
hematoxylin and eosin (H&E). Sections were imaged with Aperio Scanscope AT (Leica, Germany) 
and analysed with Aperio ImageScope.  
The pathological score for liver was assessed by referring to Sparwasser´s standards415: 
 portal inflammation: 0, no immune cell infiltrate; 1, low level of immune cell 
infiltrate; 2, moderate level of immune cell infiltrate; 3, severe inflammation 
 lobular inflammation: 0, no immune cell infiltrate; 1, low level of immune cell 
infiltrate; 2, moderate level of immune cell infiltrate; 3, severe inflammation 
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 Necrosis: 0, none; 1, small necrosis; 2, large necrotic areas; 3, bridging necrosis 
The pathological scores for lung, kidney and colon were based on the overall level of immune cell 
infiltration in the tissue: 0, no immune cell infiltrate; 1, low level of immune cell infiltrate; 2, moderate 
level of immune cell infiltrate; 3, severe inflammation.  
 
2.1.10 Liver enzyme analysis 
As an indicator of liver damage, the concentrations of liver enzymes aspartate transaminase (AST) 
and alanine transaminase (ALT) were measured from fresh sera by Queensland Pathology using a 
Beckman Unicell DxC800 analyzer. 
 
2.1.11 Cytokine measurements from sera 
Blood was collected by either eye bleeding or cardiac puncture which was allowed to clot and then 
centrifuged at 10,000 rpm for 10 minutes to separate serum. Cytokine concentrations were determined 
by using mouse cytometric bead array (CBA) according to the manufacturer´s instructions (BD 
Biosciences). Bead acquisition was performed using a Fortessa 4 (Becton Dickinson) flow cytometer 
and data analysed with FCAP array software (Soft Flow Inc).    
 
2.1.12 In vitro tumor cell line ligand expression 
Tumor cell lines were grown according to standard protocol and split once. Cells were then collected, 
washed and stained for FACS analysis.  
 
2.2 In vivo experiments 
2.2.1 NK cell reconstitution 
Spleens were harvested from indicated strains of mice and processed according to the standard 
protocol in sterile conditions to generate single-cell suspensions. NK cells were first isolated with NK 
Cell Isolation Kit II (Miltenyi Biotec) according to the manufacturer’s instructions. In order to 
increase the purity further, NK cells were then sorted using the BD FACSAria IIIu (Becton 
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Dickinson) flow cytometer based on NK cell phenotype 7AAD-TCRβ-NK1.1+NKp46+CD49b+. 
Sorted NK cells were then injected in the lateral tail vain of Rag2-/-γc-/- mice (200,000 cells/mouse). 
Seven days later blood was collected by eye bleeding, processed according to the standard protocol 
and stained for NK cell markers for reconstitution assessment by flow cytometry. Twenty-one days 
after NK cell injections, Rag2-/-γc-/- mice were sacrificed, the spleens harvested, processed according 
to the standard protocol and stained for NK cell markers for FACS analysis.     
 
2.2.2 Aging experiment 
The indicated strains of mice were aged for 22 months. During this time the mice were weighed and 
monitored for any signs of autoimmunity development. Blood samples were collected at indicated 
time points by eye bleeding. In case of euthanasia, autopsy was performed and organs harvested and 
kept in 10% neutral buffered formalin.  
2.2.3 Tumor transplant experiments 
For subcutaneous tumor experiments, tumor cells were grown to 70 – 90% confluence and then 
harvested with Tryple and washed with PBS. The cells were then resuspended in RPMI or DMEM 
(no supplements) and counted in the presence of trypan blue for viability assessment. Indicated 
number of cells with viability > 90% was injected into the flank of WT or gene-targeted mice with a 
26 G needle. Tumor growth was determined with caliper square measurements. 
For MM experiments the cells had to be injected immediately after thawing due to the inability of 
Vk*MYC cell lines to grow in vitro. After thawing, the cells were washed, resuspended in PBS and 
counted. Tumor injections were performed using a 27 G needle in the lateral tail vain. Tumor burdens 
were determined four weeks later by flow cytometry by gating on B220-CD138+CD155+ MM cells 
(Fig. 2.2) 
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Figure 2.2 Gating strategy for mouse MM cells. 
Tumor burdens were determined by flow cytometry by gating on B220-CD138+CD155+ MM cells. 
Depicted are MM cells in the BM of a WT mouse four weeks after Vk12653 inoculation. This data 
is included in Fig. 5.8C-D in group WT + control Ig (cIg). 
 
 
2.2.4 Antibody treatments 
A list of depleting/neutralizing/blocking antibodies is shown in Table 3. All antibodies were injected 
intraperitoneally in a volume of 200 µl with a 29 G needle with the indicated concentrations and 
schedule as listed in the figure legends.   
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Table 3 - Antibodies used in in vivo experiments 
 
Antibody Clone Function Company 
Anti-CD8β 53.5.8 Depleting BioXCell 
anti-asialoGM-1 Anti-asialoGM-1 Depleting Wako Chemicals 
anti-IFNγ H22 Neutralizing Leinco 
anti-DNAM-1 480.1 Blocking Produced in house 
anti-TIGIT IgG2a 4B1 Blocking Bristol Myers 
Squibb 
anti-TIGIT IgG1-
D265A 
4B1 Blocking Bristol Myers 
Squibb 
control IgG2a (cIg) 1-1 Isotype control BioXCell 
 
 
2.3 Assays with MM patient derived samples 
At the time of MM diagnosis, fresh BM aspirate samples were collected in the IUC-Toulouse, France. 
Malignant plasma cells were first removed by using anti-CD138 mAb-coated magnetic beads 
(Miltenyi Biotec, France). Whole CD138- BM cells or sorted TIGIT+ and TIGIT- CD8+ T cells 
(MoFLo Astrios cell sorter, Beckman Coulter) were then stimulated with either anti-CD3/anti-
CD28/anti-CD2 microbeads (T cell activation/expansion kit, Miltenyi Biotec) or NY-ESO-1157-165 
analog (SLLMWITQA, Peptide 2.0 Inc, 1 µg/ml) for 6 hours in the presence of antigen-presenting 
cell-conjugated anti-CD107a (H4A3, BD bioscience) and GolgiPlug (BD biosciences) with or 
without human anti-TIGIT blocking mAb (10 µg/ml, MBSA43, eBioscience) before intracellular 
cytokine staining. Alternatively, CD138- BM cells were stained with Cell Trace Violet (CTV, Thermo 
Fisher Scientific) prior to anti-CD3/anti-CD28/anti-CD2 microbead-stimulation followed by CTV 
dilution assessment five days later. 
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2.4 Statistical analysis 
In Chapters 3-5, groups of 3-10 mice were used in each experiment, except for survival experiment 
of aged WT, Pdcd1-/-CD96-/-, Tigit-/-CD96-/- and the corresponding single gene-targeted mice (Fig. 
3.16, 3.17, 3.22B) where 14-29 mice per group were used. In Chapter 5, 6-59 samples from MM 
patients were used in each experiment. Statistical analyses for the groups were performed using the 
GraphPad Prism software (San Diego, CA). Significant differences between multiple groups were 
determined by one-way ANOVA with either Bonferroni’s or Tukey’s post-test analysis. Differences 
between two independent or dependent groups were determined by Mann-Whitney test or Wilcoxon 
matched-pairs signed rank test, respectively. In Fig. 5.14 where three experiments were pooled, 
significant differences between the two treatment groups were determined by two-way ANOVA. 
Differences in survival curves were determined by Log-Rank sum test. Differences between 
individual tumor growth curves on the indicated days were determined by one-way ANOVA with 
Bonferroni’s post-test analysis. Pooled tumor growth curves were represented by using random 
effects repeated measures regression and the differences between these curves were determined by 
pair-wise comparisons. Statistical differences in tumor rejection rates between two genotypes were 
determined by Fisher’s exact test. Correlation between the proportion of TIGIT+ CD8+ T cells and 
BM MM cells in Fig. 5.1B was determined by Pearson rank correlation test. P-values of ≤ 0.05 were 
considered significant.  
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Chapter Three 
 
Assessing the effects of targeting CD96 in combination with PD-1 or 
TIGIT on immune homeostasis and autoimmunity 
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3.1 Abstract 
Multiple non-redundant immunosuppressive pathways co-exist in the tumor microenvironment and 
their co-targeting can increase clinical responses. Indeed, concurrent blockade of CTLA-4 and PD-1 
in patients with advanced melanoma increased clinical responses over monotherapy alone, although 
the frequency and severity of irAEs also increased. Nevertheless, a substantial number of patients still 
display an innate resistance phenotype and are unresponsive to current approved immunotherapies, 
even when utilized in combination. In this study, we generated Pdcd1-/-CD96-/- and Tigit-/-CD96-/- 
mice to investigate how loss of CD96 in combination with PD-1 or TIGIT impacts on immune 
homeostasis and hence the potential of inducing immune related toxicities following co-targeting of 
these pairs of receptors. Both Pdcd1-/-CD96-/- or Tigit-/-CD96-/- mice displayed no overt perturbations 
in immune homeostasis over what was previously reported with Pdcd1-/- or Tigit-/- mice even when 
aged for 22 months. Total loss of CD96 and PD-1 does not induce serious immune-related toxicities 
and thus co-blockade appears a promising strategy for clinical development.  
 
3.2 Introduction 
Antibodies targeting CTLA-4, PD-1 or its ligand PD-L1 have demonstrated clinical activity in more 
than 15 cancer types, including melanoma and NSCLC416. More recently, concurrent blockade of 
CTLA-4 and PD-1 in patients with advanced melanoma further increased clinical response over either 
monotherapy alone417. Overall, these data suggest that multiple non-redundant immunosuppressive 
pathways co-exist in the tumor microenvironment and that their co-targeting can increase clinical 
responses. However, a substantial number of patients display an innate resistance phenotype and are 
unresponsive to current approved immunotherapies. Furthermore, a considerable number of patients 
treated with anti-CTLA-4 or PD-1/PD-L1, particularly in combination can develop a unique spectrum 
of toxicities termed irAEs, which can result in serious morbidities and can sometimes lead to 
fatalities418.  Therefore, there is strong interest in identifying new combination therapies that have 
better therapeutic indices (high anti-tumor efficacy versus low level of irAEs).    
The development of irAEs in patients given immunotherapy is not unexpected given immune 
checkpoint receptors are key in maintaining self-tolerance to minimize tissue damage50. Gene-
targeted mice have been useful to assess how lack of specific immune checkpoint receptors or ligands 
impact on immune homeostasis and autoimmunity. CTLA-4-/- mice display severe 
lymphoproliferative disease with lymphocytic infiltration in several tissues including the heart, spleen 
and lungs causing the mice to become moribund at three to four weeks of age63, 64. Pdcd1-/- mice 
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display strain specific autoimmune phenotypes which are generally quite mild. Loss of PD-1 in 
C57BL/6 mice was reported to cause late-onset lupus-like glomerulonephritis and arthritis118. In 
contrast, loss of PD-1 in BALB/c mice results in their development of dilated cardiomyopathy which 
leads to their premature death119. In contrast, mice lacking other immune checkpoint receptors/ligands 
such as PD-L1419, 420, LAG-3122 or B7-H4421 display minimal or subtle immunopathology. However, 
Lag3-/-Pdcd1-/- mice develop lethal systemic autoimmunity with most mice becoming moribund by 
10 weeks of age122. Similarly, when bred with the 2D2-TCR transgenic mice, which are predisposed 
to developing spontaneous EAE, double deficiency in PD-1 and VISTA significantly accelerated the 
level of disease penetrance compared to similar 2D2-TCR transgenic mice lacking only VISTA or 
PD-1123.  
CD96 and TIGIT belong to an emerging family of cell surface receptors that bind to ligands of the 
nectin and nectin-like family222.  The expression patterns of CD96 and TIGIT are broadly similar 
between mouse and humans, where they are mainly found on peripheral T cells including Tregs and 
NK cells, particularly following activation168, 175, 187, 190, 422.  CD155 is the main ligand that binds 
CD96 and TIGIT in both humans and mice170, 175, 187. CD155 also binds the activating receptor 
DNAM-1 which similar to CD96 and TIGIT, is expressed on T and NK cells224, 225, 422. In mice, CD96 
also reportedly binds CD111, which has been demonstrated to enhance T cell and NK cell adhesion170, 
175 , while TIGIT binds CD112 and CD113187, 190. Recently it was reported that CD112R, a novel co-
inhibitory receptor which is preferentially expressed on human T cells binds CD112 with high affinity 
and competes with DNAM-1 of binding CD112423.   
The function of CD96 on T cells is still largely unknown but its role as an inhibitory receptor on NK 
cells was recently demonstrated in mice lacking CD96176. NK cells from CD96-/- mice produced 
greater IFNγ in response to LPS and they also displayed enhanced resistance to 3´-
methylcholanthrene (MCA)-induced fibrosarcoma and experimental lung metastases176.  
Subsequently, in mouse models of experimental and spontaneous lung metastases, blocking 
antibodies against CD96 (anti-CD96 mAbs) increased NK cell effector functions, resulting in 
suppression of metastases and this anti-tumor activity was dependent on NK cells, IFNγ, and DNAM-
1181, 182. In addition, anti-CD96 mAb in combination with anti-CTLA-4 or anti-PD-1 mAb further 
suppressed experimental lung metastases compared to monotherapy alone181. In contrast, the 
inhibitory function of TIGIT on T cells is well described. Increased effector T cell function was 
reported in Tigit-/- mice or anti-TIGIT treated mice190, 209, 210, 218 while Tregs lacking TIGIT reportedly 
displayed reduced suppressive function207, 214. Similar to CD96, dual blockade of TIGIT with either 
PD-1 or PD-L1 significantly increased anti-tumor immunity against mouse tumors210, 217, 424. 
Although the effect of TIGIT deficiency against experimental lung metastases is yet to be resolved, 
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anti-CD96 mAb-treated Tigit-/- mice displayed further reduction in tumor metastases compared to 
anti-CD96 mAb-treated WT mice suggesting that there could be merit in co-targeting CD96 and 
TIGIT181.   
Here, we have generated two novel strains of double deficient Pdcd1-/-CD96-/- and Tigit-/-CD96-/- mice 
to investigate whether loss of CD96 in combination with PD-1 or TIGIT impacts immune homeostasis 
and reveals anything about the potential safety of co-targeting these receptors. Both Pdcd1-/-CD96-/- 
or Tigit-/-CD96-/- mice displayed no overt perturbations in immune homeostasis over that previously 
reported for Pdcd1-/- or Tigit-/- mice, even when aged for 22 months. The lack of serious immune-
related toxicities in aged Pdcd1-/-CD96-/- or Tigit-/-CD96-/- mice supports the potential clinical safety 
in co-blockade of CD96 with PD-1 or TIGIT. 
 
3.3 Results 
3.3.1 Pdcd1-/-CD96-/- and Tigit-/-CD96-/- mice do not display major differences in immune cell 
composition compared to their corresponding single gene-targeted mice.  
C57BL/6 CD96-/- and Tigit-/- mice have previously been shown to have similar immune cell 
composition as WT mice, but Pdcd1-/- mice have been reported to have increased proportion and 
number of B cells117 and Tregs134, 425 We generated Pdcd1-/-CD96-/- and Tigit-/-CD96-/- strains of mice 
and they were born fertile and produced normal litter sizes. We first assessed how the loss of both 
PD-1 and CD96 or TIGIT and CD96 affects the immune cell composition in different organs. Spleens 
and lungs were harvested from Pdcd1-/-CD96-/- and Tigit-/-CD96-/-mice and all the major immune cell 
populations were analysed by flow cytometry (Fig. 3.1 - Fig. 3.7). In addition, immunophenotyping 
was also performed for inguinal lymph nodes and blood of Pdcd1-/-CD96-/- mice. Given the changes 
in immune homeostasis reported for Pdcd1-/- mice but not for CD96-/- or Tigit-/- mice, more 
comprehensive immunophenotyping was performed for Pdcd1-/-CD96-/- compared to Tigit-/-CD96-/- 
mice. There were no significant changes in the numbers and proportions of CD45.2+ hematopoietic 
cells across the genotypes (Fig. 3.1). Similarly, no gross changes were seen in the proportions and 
numbers of CD8+ T cells (Fig. 3.2A, B, G, H and Fig. 3.3A, B) or most other major immune cell 
populations such as CD4+ T effector (Teff) cells (Fig. 3.2C, D, I, J and Fig. 3.3C, D), B cells (Fig. 
3.2E, F, K and Fig. 3.3E, F) or CD11b+GR-1hi myeloid cells (Fig. 3.4E, F, I and Fig. 3.5E, F) 
between Pdcd1-/-CD96-/- or Tigit-/-CD96-/- mice compared to age matched WT mice or age matched 
mice that were deficient for PD-1, CD96 or TIGIT alone. An increase in the number of macrophages 
in the lung and lymph nodes (Fig. 3.4B, G) and DCs in the lung (Fig. 3.4D) was observed in Pdcd1-
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/-CD96-/- mice compared to WT mice. However, no differences were observed in the proportions of 
these cell populations between Pdcd1-/-CD96-/- and WT mice (Fig. 3.4A-D, G, H). In addition, no 
differences in the proportions or numbers of macrophages or DCs were seen between Tigit-/-CD96-/- 
and WT mice (Fig. 3.5A-D). In concordance with previous reports132, 425 , we observed a significant 
increase in Treg proportions and numbers in the spleen, lung and lymph nodes of Pdcd1-/- compared 
to WT mice (Fig. 3.6C, D, G, H). Pdcd1-/-CD96-/- mice also displayed a significant increase in Treg 
proportion in the spleen compared to WT mice. Interestingly, we also saw a minor decrease in NK 
cell proportions and numbers in Pdcd1-/-CD96-/- and Pdcd1-/- mice compared to WT mice (Fig. 3.6A, 
B, E, F). In contrast, Tigit-/-CD96-/- mice had similar proportions and numbers of Tregs and similar 
proportions of NK cells as WT mice (Fig. 3.7). A small increase in NK cell numbers was observed 
in the lung of Tigit-/-CD96-/- compared to WT mice (Fig. 3.7B). Compared to WT mice, CD96-/- mice 
showed either a decrease (Fig. 3.6B) or an increase (Fig. 3.7B) in the frequency of NK cells in the 
lung. The discrepancy may be due to different sexes of mice used in separate experiments. However, 
no difference was observed in NK cell numbers between CD96-/- and WT mice in any of the 
experiments. 
Next, we assessed the memory status of T cells (CD8+ T cells, CD4+ Teff, Tregs) in the spleen and 
lung of Pdcd1-/-CD96-/- (Fig. 3.8) or in the spleen of Tigit-/-CD96-/- mice (Fig. 3.9) using the markers 
CD44 and CD62L. Pdcd1-/- mice displayed an increased proportion of T cells with an effector 
memory (EM) phenotype in their spleen and lung compared to WT mice and this increase was also 
observed in Pdcd1-/-CD96-/- mice (Fig. 3.8). The activation status of T cells was generally similar 
between Tigit-/-CD96-/- mice and WT mice (Fig. 3.9). There were no major differences in T cell (CD8+ 
T cells, CD4+ Teff, Tregs) or NK cell proliferation in the spleen, based on Ki67 expression, between 
Pdcd1-/-CD96-/- mice compared to WT mice or corresponding single gene-targeted mice (Fig. 3.10A). 
In the lung, a small increase in CD4+ Teff and Treg proliferation was observed in Pdcd1-/-CD96-/- 
mice compared to WT mice (Fig. 3.10B).    
 
3.3.2 PD-1 deficiency affects the expression of TIGIT and DNAM-1 on T and NK cells in Pdcd1-
/-CD96-/- and Pdcd1-/- mice.  
It has been demonstrated that antibodies targeting PD-1, can cause the upregulation of other immune 
checkpoint receptors as a mechanism of resistance426. Therefore, we next examined whether the loss 
of PD-1 or CD96 or both affects the expression of PD-1, TIGIT, CD96 and DNAM-1 (Fig. 3.11 and 
Fig. 3.12). The expression of PD-1 on T and NK cells was generally very low except for Tregs in the 
spleen where approximately 15% of WT Tregs expressed PD-1 (Fig. 3.11C). Interestingly, PD-1 
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expression was decreased in Tregs from CD96-/- mice compared to WT mice (Fig. 3.11C and Fig. 
3.12C). TIGIT expression on T and NK cells was also low with only approximately 10% of WT Tregs 
in spleen and lung expressing TIGIT (Fig. 3.11C and Fig. 3.12C). Interestingly, the proportion of 
TIGIT expressing Tregs (Fig. 3.11C and Fig. 3.12C) and CD8+ T cells (Fig. 3.11A and Fig. 3.12A) 
were increased in both Pdcd1-/-CD96-/- and Pdcd1-/- mice compared to WT mice suggesting that TIGIT 
expression increases in the absence of PD-1. By contrast, CD96 and DNAM-1 were highly expressed 
on all cell populations analyzed, particularly on CD8+ T cells (Fig. 3.11A and Fig. 3.12A). The 
proportion of CD96 expressing cells was unaffected whether PD-1 was present or absent. The 
expression of DNAM-1 slightly decreased in the absence of PD-1 but nevertheless more than 90% of 
CD8+ T cells (Fig. 3.11A and Fig. 3.12A) were expressing DNAM-1. Representative FACS dot plots 
of T cells and NK cells expressing TIGIT or DNAM-1 in spleen and lung are shown in Suppl. Figures 
1-4.      
 
3.3.3 No major differences in T cell or NK cell responses to stimulation between Pdcd1-/-CD96-
/- and the corresponding single gene-targeted mice.  
As T cells with dysfunctional PD-1 have been demonstrated to produce more cytokines compared to 
WT T cells427, 428, we next set up an experiment to study whether co-loss of PD-1 and CD96 in T and 
NK cells caused further deviation in cytokine production compared to cells isolated from WT or PD-
1 or CD96 single gene-targeted mice (Fig. 3.13). Whole splenocytes were cultured for 12 hours either 
in the presence of anti-CD3/anti-CD28 mAbs or IL-12/IL-18 in order to stimulate T cells or NK cells, 
respectively. Stimulation significantly increased IFNγ and GrzB production in T and NK cells 
compared to non-stimulated conditions but surprisingly there were no overt differences in CD8+ T 
cell (Fig. 3.13A, B) or NK cell (Fig. 3.13E, F) cytokine production between the genotypes. Only 
Pdcd1-/-CD96-/- and Pdcd1-/- CD4+ T cells showed a minor increase in IFNγ and GrzB production 
compared to WT cells (Fig. 3.13C, D). We next determined whether Pdcd1-/-CD96-/- CD8+ T cells 
experienced more activation induced cell death (AICD) compared to WT or single gene-targeted 
CD8+ T cells (Fig. 3.14). The proportion of apoptotic or dead cells as defined by Annexin V/7AAD 
staining was determined from sorted CD8+ T cells post stimulation for 48 hours in the presence of 
anti-CD3/anti-CD28 mAbs followed by 48 hours rest and 8 hours of re-stimulation. Surprisingly, 
there were no significant differences between the genotypes although there was a trend for CD8+ T 
cells lacking CD96 and/or PD-1, to have decreased frequency of live cells and increased frequency 
of dead cells compared to WT CD8+ T cells.  
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3.3.4 No differences in the ability of NK cells from Pdcd1-/-CD96-/- or WT mice to reconstitute 
Rag2-/-γc-/- mice.  
CD96 has been demonstrated to be a negative regulator of NK cell effector functions such as cytokine 
production176. Furthermore, previous studies have demonstrated that blocking antibody against 
CD96, particularly when used in combination with anti-PD-1 mAb, resulted in decreased number of 
experimental lung metastases compared to the control antibody group181. Based on these studies and 
our current results showing that Pdcd1-/- and Pdcd1-/-CD96-/- mice have decreased numbers and 
proportions of NK cells, we examined whether Pdcd1-/-CD96-/- NK cells have differences in their 
ability to reconstitute Rag2-/-γc-/- mice compared to WT NK cells and whether this is due to attenuated 
ability to migrate to different organs. Sorted NK cells from Pdcd1-/-CD96-/- and WT mice were 
injected into Rag2-/-γc-/- mice which lack adaptive and innate lymphocytes (Fig. 3.15). The level of 
reconstitution in these mice was first determined seven days later in blood and 21 days later the mice 
were sacrificed and NK cell levels in both blood and spleen were examined. Splenic NK cells were 
also analysed for their expression of maturation markers CD11b, CD27 and killer-cell lectin like 
receptor G1 (KLRG1)429, 430. We observed similar levels of Pdcd1-/-CD96-/- and WT NK cells in both 
blood and spleen suggesting that Pdcd1-/-CD96-/- NK cells cells were as capable of reconstituting and 
migrating into organs as WT NK cells (Fig. 3.15A, B). Furthermore, there were no differences in NK 
cell subsets between the two genotypes (Fig. 3.15C, D). Given this negative result, we did not perform 
further experiments to assess reconstitution of NK cells from single gene-targeted mice.  
 
3.3.5 Aged Pdcd1-/-CD96-/- and Pdcd1-/- mice display decreased long-term survival compared to 
WT mice. 
We demonstrated that Pdcd1-/-CD96-/- mice had only minor differences in their immune cell 
composition or T cell maturation and activation compared to WT mice and that these differences were 
mainly due to the loss of PD-1. However, as C57BL/6 Pdcd1-/- mice were previously reported to 
develop late-onset autoimmunity118, we aged a cohort of WT, single or double-deficient PD-1, CD96, 
or TIGIT mice for 22 months (Fig. 3.16 and Fig. 3.17). At 12 months of age, no overt changes were 
observed in survival between WT mice compared to mice that lacked PD-1 or CD96 alone or in 
combination and these mice displayed no overt signs of autoimmunity (Fig. 3.16). However, as these 
mice were further aged for another 10 months, both Pdcd1-/- and Pdcd1-/-CD96-/- mice displayed 
significantly decreased survival compared to WT mice. As there were no significant differences in 
survival between Pdcd1-/-CD96-/- mice and Pdcd1-/- mice this suggests the reduced survival effect is 
most likely due to the loss of PD-1. Of interest, the most common cause for euthanasia before 12 
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months of age was rectal prolapse. Beyond this time point, the most common reasons for euthanasia 
were severe weight loss and laborious breathing. By contrast, long-term survival of Tigit-/-CD96-/-, 
Tigit-/-, and CD96-/- mice was similar to WT mice and no overt signs of autoimmunity were detected 
(Fig. 3.17). Ages at the time of euthanasia and the causes leading to the euthanasia of WT, Pdcd1-/-
CD96-/-, Tigit-/-CD96-/- and their corresponding single gene-targeted mice are listed in Tables 4 and 
5. 
 
3.3.6 Pdcd1-/-CD96-/- and Tigit-/-CD96-/- mice do not display increased autoimmune phenotype 
compared to their corresponding single gene-targeted mice. 
The initial characterization of C57BL/6 Pdcd1-/- mice reported that these mice developed arthritis and 
some features of late onset lupus-like disease characterized by the presence of auto-antibodies and 
mild glomerulonephritis118. We therefore measured the level of anti-dsDNA antibodies (Fig. 3.18A), 
anti-nuclear antibodies (ANA) (Fig. 3.18C) and total IgG (Fig.3.18E) in the sera of 12-month, 7-
month or 9-month old WT and gene-targeted mice lacking PD-1 or CD96 alone or PD-1/CD96 in 
combination, respectively. No differences in the level of anti-dsDNA antibodies, ANA or total IgG 
were detected in Pdcd1-/- mice similar to a recent report characterizing these mice122.  Furthermore, 
the level of anti-dsDNA in single or double deficient mice were similar to WT mice. We also assessed 
the level of anti-dsDNA antibodies (Fig. 3.18B) and ANA (Fig. 3.18D) in the sera of 12-month or 7-
month old Tigit-/-CD96-/-, WT and corresponding single gene-targeted mice and we observed no 
differences between the genotypes. 
 
Next, we assessed a possible development of autoimmunity in specific organs of Pdcd1-/-CD96-/- 
mice. A cohort of Pdcd1-/-CD96-/-, WT and the corresponding single gene-targeted mice were 
euthanized at the age of 12-14 months. Livers, colons and spleens were harvested and weighed. Livers 
were fixed and stained with H&E for histological studies. Histological liver scores were determined 
based on the level of immune cell infiltration in tissue. Similar to a previous study123, an increase in 
immune cell infiltration was observed in Pdcd1-/- mice as reflected by an increased histological liver 
score (Fig. 3.19A). An increase was also observed in Pdcd1-/-CD96-/- mice but there was no significant 
difference in the histological liver scores between these two genotypes. Despite the increased immune 
cell infiltration in livers of Pdcd1-/-CD96-/-and Pdcd1-/- mice, there were no significant differences in 
AST (Fig. 3.19B) or ALT (Fig. 3.19C) levels between Pdcd1-/-CD96-/- and WT mice. However, liver 
weight was slightly increased in Pdcd1-/-CD96-/- mice compared to WT mice (Fig. 3.19D). An 
increase in serum AST levels (Fig. 3.19B) was observed in CD96-/- compared to WT mice. However, 
since CD96-/- mice showed no significant increase in serum ALT levels (Fig. 3.19C) or in histological 
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liver score (Fig. 3.19A), this observation was not investigated further. An increase in colon weight 
was observed in CD96-/- mice compared to WT mice (Fig. 3.19E) while no major differences in 
spleen weights (Fig. 3.19F) across the genotypes were observed.  
 
Given the increase in histological liver scores in one-year old Pdcd1-/-CD96-/-and Pdcd1-/- mice and 
in colon weight in one-year old CD96-/- mice, we next assessed if the differences in immune cell 
infiltration in different organs become more prominent when the mice are aged further. From the 
aging cohort in Fig. 3.16 and 3.17, a group of Pdcd1-/-CD96-/-, Tigit-/-CD96-/-, their corresponding 
single gene-targeted and WT mice were euthanized after 21-25 months and various organs (liver, 
colon, lung, and kidney) were harvested for histology (Fig. 3.20 and Fig. 3.21). Similar to the result 
from the one-year old mice, we observed an increase in histological liver score in Pdcd1-/-CD96-/-and 
Pdcd1-/- mice compared to WT mice (Fig. 3.20A, E). However, there was again no significant 
difference in the histological liver scores between these two genotypes. By contrast, we did not 
observe any increased immune cell infiltrates in other organs that were assessed (lung, kidney, colon) 
(Fig. 3.20B-E). Similarly, no increase in immune cell infiltration was observed in the livers or other 
organs of Tigit-/-CD96-/- and Tigit-/- mice when compared to WT mice (Fig. 3.21). Surprisingly, Tigit-
/-CD96-/- and Tigit-/- mice in fact displayed a decrease in histological kidney score compared to WT 
mice (Fig. 3.21C). However, since no differences were observed in the immune cell infiltration in 
other organs, in serum antibodies or in the survival of Tigit-/-CD96-/- or Tigit-/- mice compared to WT 
mice, this observation was not investigated further.   
 
Since loss of immune checkpoint receptors can result in lymphoproliferation and inflammation, which 
may manifest as weight loss, a cohort of Pdcd1-/-CD96-/-, WT and the corresponding single gene-
targeted mice from the aging experiment (Fig. 3.16) were weighed at the age of 25-28 weeks (Fig. 
3.22B). Surprisingly, Pdcd1-/-CD96-/- and Pdcd1-/- mice both displayed increased weight compared to 
WT mice. This difference was also observed already in 8-10 week old mice (Fig. 3.22A).  Similarly, 
24 week old Tigit-/-CD96-/- and Tigit-/- mice also displayed increased weight compared to age-matched 
WT mice (data not shown). This suggests that some immune checkpoint receptors may also regulate 
metabolism.  
 
3.3.7 No differences in the levels of IFNγ or TNFα in the sera of aged Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice.  
In vitro, T or NK cells isolated from Pdcd1-/-CD96-/- mice showed no major differences in IFNγ or 
TNFα production following stimulation compared to cells isolated from WT or single gene-targeted 
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mice (Fig. 3.13). Next, we determined whether this is also true in vivo and thus we analyzed sera for 
IFNγ and TNFα from 27-31 weeks old mice by CBA (Fig. 3.23). The serum concentrations of IFNγ 
and TNFα were below detection level for all genotypes, except for one Pdcd1-/- outlier which had 
significantly increased concentration of both cytokines. This Pdcd1-/- mouse appeared healthy at the 
time of assessment but was euthanized approximately eight months later due to severe weight loss.    
 
3.3.8 No major differences in immune cell composition between aged Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice. 
Next, we determined if differences in immune cell composition became more prominent in aged 
Pdcd1-/-CD96-/- mice compared to age-matched WT or the corresponding single gene-targeted mice. 
Given that no major differences were earlier observed in immune cell composition, survival or 
immune cell infiltration in tissues between Tigit-/-CD96-/- and WT mice, no further 
immunophenotyping was perfomed for aged Tigit-/-CD96-/- mice. From the cohort in Fig. 3.16 some 
WT, Pdcd1-/-CD96-/-, Pdcd1-/- and CD96-/- mice were euthanized at the age of 21-25 months. Spleens 
and lungs were harvested and all the major immune cell populations were analysed by flow 
cytometry. A trend for increased splenic CD45.2+ hematopoietic cell numbers was observed in aged 
Pdcd1-/-and Pdcd1-/-CD96-/- mice compared to WT mice (Fig. 3.24). In the lung, significant increase 
in CD45.2+ cell number was observed in Pdcd1-/- mice. In the proportions and numbers of most major 
immune cell populations such as CD4+ Teff cells (Fig. 3.25C-D), B cells (Fig. 3.25E-F) or myeloid 
cells (Fig. 3.26), no major changes were seen between Pdcd1-/-CD96-/- compared to WT or mice that 
were deficient for PD-1 or CD96 alone. A similar increased cell number trend was observed in splenic 
CD8+ T cells in Pdcd1-/-and Pdcd1-/-CD96-/- mice as in CD45.2+ hematopoietic cells compared to WT 
mice (Fig. 3.25A). Furthermore, Pdcd1-/- mice had significantly increased CD8+ T cell and 
macrophage numbers in the lung (Fig. 3.25B) reflecting the significant increase in lung CD45.2+ cells 
(Fig. 3.24B). However, a small decrease in the proportion of lung DCs was observed in Pdcd1-/- mice 
compared to WT mice (Fig. 3.26D). CD96-/- mice showed a decrease in the proportion of CD4+ Teff 
cells (Fig. 3.25C) but an increase in the proportion of B cells (Fig. 3.25E) in the spleen compared to 
WT mice. However, no differences were observed in the numbers of these cell populations (Fig. 
3.25C, E) or in their proportions in the lung between the two genotypes (Fig. 3.25D, F).     
The differences in NK cell and Treg proportions and numbers that were observed in younger Pdcd1-
/-CD96-/-and Pdcd1-/-mice compared to WT mice (Fig. 3.6) were not as prominent in aged mice (Fig. 
3.27).  There was a significant increase in lung NK cell and Treg numbers in Pdcd1-/-mice (Fig. 
3.27B, D) reflecting again the total increase in CD45.2+ cell numbers (Fig. 3.24B). In accordance 
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with younger mice in Fig. 3.7B, we observed a significant increase in lung NK cell proportion in aged 
CD96-/-mice compared to age-matched WT mice (Fig. 3.27B).  
We next assessed the memory status of T cells (CD8+ T cells, CD4+ Teff, Tregs) in the spleen and 
lung of 12-14 month old Pdcd1-/-CD96-/-, WT and the corresponding single gene-targeted mice (Fig. 
3.28). In concordance with data from the younger, 11-15 week old mice (Fig. 3.8), aged Pdcd1-/-
CD96-/-and Pdcd1-/-mice displayed an increased proportion of T cells with an effector memory 
phenotype in their spleen (Fig. 3.28A) and lung (Fig. 3.28B) compared to WT mice. Surprisingly, 
this increase in TEM cells in Pdcd1
-/-CD96-/-and Pdcd1-/-mice was lost in the spleen (Fig. 3.29A) and 
lung (Fig. 3.29B) of 21-25 month old mice.  In terms of proliferative capacity, aged Pdcd1-/-CD96-/-
and Pdcd1-/-mice displayed increased Ki67 expression in Tregs and NK cells in the spleen (Fig. 
3.30A). In the lung, only CD8+ T cells from Pdcd1-/-CD96-/-mice and NK cells of Pdcd1-/-mice 
showed significant increase in proliferative capacity compared to WT mice (Fig. 3.30B).   
 
3.3.9 Aged Pdcd1-/-CD96-/-and Pdcd1-/-mice display differences in the expression of TIGIT and 
DNAM-1 on T and NK cells compared to WT mice.  
The expression of PD-1, TIGIT, CD96 and DNAM-1 in CD8+ T cells, CD4+ Teff, Tregs and NK cells 
in the spleen (Fig. 3.31) and lung (Fig. 3.32) of 21-25 month old Pdcd1-/-CD96-/-, WT and the 
corresponding single gene-targeted mice was also assessed. Interestingly, the proportion of cells 
expressing PD-1was increased in both the spleen and lung compared to younger, 11-15 week old 
mice (Fig. 3.11 and Fig. 3.12) with approximately 15-20 % or 4-15 % of WT T cells in the spleen 
(Fig. 3.31A-C) and lung (Fig. 3.32A-C), respectively, being positive for PD-1. In concordance with 
data obtained from younger mice (Fig. 3.11 and Fig. 3.12), the loss of CD96 seemed to decrease the 
proportion of PD-1+ cells, but this change was only significant for splenic Tregs (Fig. 3.31 and Fig. 
3.32). The proportion of TIGIT+ cells also increased in aged mice compared to younger mice with 
approximately 10-30 % or 5-20 % WT T cells in the spleen (Fig. 3.31A-C) and lung (Fig. 3.32A-C), 
respectively, being TIGIT+. In younger mice the proportion of CD8+ T cells and Tregs expressing 
TIGIT increased in the absence of PD-1 in Pdcd1-/-CD96-/- and Pdcd1-/- mice compared to WT mice 
(Fig. 3.11A, C and Fig. 3.12A, C). This phenomenon was also observed in CD8+ T cells in the lungs 
of aged mice where we observed significantly increased proportion of CD8+ T cells expressing TIGIT 
in Pdcd1-/-CD96-/- and Pdcd1-/- mice compared to WT mice (Fig. 3.32A). However, the proportions 
of CD4+ Teff cells and Tregs expressing TIGIT decreased in the spleens of aged Pdcd1-/-CD96-/- and 
CD96-/- compared to WT mice (Fig. 3.31B, C). 
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Interestingly, the expression of CD96 decreased in different WT T cell populations (Fig. 3.31A-C 
and Fig. 3.32A-C) but increased in WT NK cell population (Fig. 3.31D and Fig. 3.32D) in aged mice 
compared to younger mice (Fig. 3.11 and Fig. 3.12). In both young and aged mice, the proportion of 
CD96 expressing cells was mainly unaffected whether PD-1 was present or absent. Interestingly, also 
the proportion of WT DNAM-1+ CD8+ T cells in both the spleen (Fig. 3.31A) and lung (Fig. 3.32A) 
significantly decreased in aged mice compared to younger mice (Fig. 3.11A and Fig. 3.12A). In 
concordance with results from younger mice, the expression of DNAM-1 slightly decreased in the 
absence of PD-1 in CD8+ T cell (Fig. 3.31A and Fig. 3.32A) and CD4+ Teff cell populations (Fig. 
3.31B and Fig. 3.32B) of Pdcd1-/-CD96-/- and Pdcd1-/- mice compared to WT mice.  
 
3.3.10 No major differences in T cell or NK cell responses to stimulation between aged Pdcd1-/-
CD96-/- mice and the corresponding single gene-targeted mice. 
Finally, we looked at IFNγ and GrzB production in T and NK cells in 21-25 month old Pdcd1-/-CD96-
/-, WT and the corresponding single gene-targeted mice (Fig. 3.33). Whole splenocytes were cultured 
overnight either in the presence of anti-CD3/anti-CD28 mAbs or IL-12/IL-18 in order to stimulate T 
cells or NK cells, respectively. Similar to results obtained from younger, 12-15 week old mice (Fig. 
3.13), the stimulation increased IFNγ and GrzB production in T and NK cells compared to non-
stimulated conditions. However, the overall level of IFNγ and GrzB production following stimulation 
had dramatically decreased compared to cells isolated from young mice. An increase in GrzB 
production by CD8+ T cells derived from CD96-/- mice (Fig. 3.33B) and a decrease in IFNγ 
production by NK cells derived from Pdcd1-/-CD96-/- and CD96-/- mice (Fig. 3.33E) was observed 
compared to WT mice. No major differences in IFNγ production by CD8+ T cells (Fig. 3.33A), IFNγ 
or GrzB production by CD4+ T cells (Fig. 3.33C, D) or GrzB production by NK cells (Fig. 3.33F) 
were observed between the genotypes suggesting that the loss of PD-1 or CD96 has only minor effects 
on the cytokine production capabilities of T cells or NK cells. 
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Figure 3.1 Proportions and numbers of CD45.2+ cells in WT, Pdcd1-/-CD96-/-, Tigit-/-CD96-/- and 
their corresponding single gene-targeted mice. 
The proportions and numbers of CD45.2+ cells from the spleens, lungs and inguinal lymph nodes of 
male C57BL/6 WT and gene-targeted mice (13-15 weeks) (A, B, C) or from the blood, spleens and 
lungs of female C57BL/6 WT and gene-targeted mice (8-10 weeks) (D, E, F) (n=5-12/group) were 
analysed by flow cytometry, gating on live CD45.2+ cells of leukocyte morphology. Cell numbers are 
represented as per gram (g) of spleen or per total lung and lymph nodes. Data presented as mean ± 
SEM with each symbol representing an individual mouse. Statistical differences in cell proportions 
and numbers between different genotypes were determined by a one-way ANOVA with Bonferroni’s 
post-test analysis. Data pooled from two independent experiments for spleen, lung and lymph nodes 
(A-C, E, F). Experiment for blood was performed once (D). 
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Fig. 3.2 Proportions and numbers of CD8+ T cells, CD4+ Teff cells and B cells in WT, Pdcd1-/-
CD96-/- and the corresponding single gene-targeted mice.  
The proportions and numbers of CD8+ T cells (TCRβ+CD8α+) (A, B, G, H), CD4+ Teff 
(TCRβ+CD4+Foxp3-) (C, D, I, J) or B cells (CD3-CD19+) (E, F, K) from the spleens (A, C, E), lungs 
(B, D, F) and inguinal lymph nodes (G, I, K) of male C57BL/6 WT and gene-targeted mice (13-15 
weeks) or from the blood (H, J) of female C57BL/6 WT and gene-targeted mice (9-10 weeks)(n=5-
12/group) were analysed by flow cytometry, gating on live CD45.2+ cells of leukocyte morphology. 
Cell numbers are represented as per gram (g) of spleen or per total lung or lymph nodes. Data 
presented as mean ± SEM with each symbol representing an individual mouse. Statistical differences 
in cell proportions and numbers between different genotypes were determined by a one-way ANOVA 
with Bonferroni’s post-test analysis (*p<0.05; **p<0.01). Data pooled from two independent 
experiments for spleen, lung and lymph nodes (A-G, I, K). Experiment was performed once for blood 
(H, J). 
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Fig. 3.3 Proportions and numbers of CD8+ T cells, CD4+ Teff cells and B cells in WT, Tigit-/-
CD96-/- and the corresponding single gene-targeted mice.  
The proportions and numbers of CD8+ T cells (TCRβ+CD8α+) (A, B), CD4+ Teff (TCRβ+CD4+Foxp3-
) (C, D) or B cells (CD19+B220+) (E, F) from the spleens (A, C, E) and lungs (B, D, F) of female 
C57BL/6 WT and gene-targeted mice (8-10 weeks)(n=7-8/group) were analysed by flow cytometry, 
gating on live CD45.2+ cells of leukocyte morphology. Cell numbers are represented as per gram (g) 
of spleen or per total lung. Data presented as mean ± SEM with each symbol representing an 
individual mouse. Statistical differences in cell proportions and numbers between different genotypes 
were determined by a one-way ANOVA with Bonferroni’s post-test analysis (**p<0.01). Data pooled 
from two independent experiments. 
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Fig. 3.4 Proportions and numbers of myeloid cells in WT, Pdcd1-/-CD96-/- and the corresponding 
single gene-targeted mice.  
The proportion and number of macrophages (CD11b+F4/80+) (A, B, G), dendritic cells (DCs) 
(CD11c+MHCII+) (C, D, H) or CD11b+GR-1hi cells (E, F, I) from the spleens (A, C, E), lungs (B, 
D, F) and inguinal lymph nodes (G, H, I) of male C57BL/6 WT and gene-targeted mice (13-15 
weeks)(n=10-12/group) were analysed by flow cytometry, gating on live CD45.2+ cells of leukocyte 
morphology. Cell numbers are represented as per gram (g) of spleen or per total lung or lymph nodes. 
Data presented as mean ± SEM with each symbol representing an individual mouse. Statistical 
differences in cell proportions and numbers between different genotypes were determined by a one-
way ANOVA with Bonferroni’s post-test analysis (*p<0.05; **p<0.01). Data pooled from two 
independent experiments. 
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Fig. 3.5 Proportions and numbers of myeloid cells in WT, Tigit-/-CD96-/- and the corresponding 
single gene-targeted mice.  
The proportion and number of (CD11b+F4/80+) (A, B), dendritic cells (DCs) (CD11c+MHCII+) (C, 
D) or CD11b+GR-1hi cells (E, F) from the spleens (A, C, E) and lungs (B, D, F) of female C57BL/6 
WT and gene-targeted mice (8-10 weeks)(n=7-9/group) were analysed by flow cytometry, gating on 
live CD45.2+ cells of leukocyte morphology. Cell numbers are represented as per gram (g) of spleen 
or per total lung. Data presented as mean ± SEM with each symbol representing an individual mouse. 
Statistical differences in cell proportions and numbers between different genotypes were determined 
by a one-way ANOVA with Bonferroni’s post-test analysis. Data pooled from two independent 
experiments.  
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Fig. 3.6 Proportions and numbers of NK cells and Tregs in WT, Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice.  
The proportions and numbers of NK (CD3-NK1.1+) cells (A, B, E, F) or Tregs (TCRβ+CD4+Foxp3+) 
(C, D, G, H) from the spleens (A, C), lungs (B, D) and inguinal lymph nodes (E, G) of male C57BL/6 
WT and gene-targeted mice (13-15 weeks) (A-E, G) or from the blood of female C57BL/6 WT and 
gene-targeted mice (9-10 weeks) (F, H) (n=5-12/group) were analysed by flow cytometry, gating on 
live CD45.2+ cells of leukocyte morphology. Cell numbers are represented as per gram (g) of spleen 
or per total lung or lymph nodes. Data presented as mean ± SEM with each symbol representing an 
individual mouse. Statistical differences in cell proportions and numbers between different genotypes 
were determined by a one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05; **p<0.01, 
**** p<0.0001). Data pooled from two independent experiments for spleen, lung and lymph nodes 
(A-E, G). Experiment for blood was performed once (F, H). 
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Fig. 3.7 Proportions and numbers of NK cells and Tregs in WT, Tigit-/-CD96-/- and the 
corresponding single gene-targeted mice.  
The proportions and numbers of NK cells (CD3-NK1.1+) (A, B) or Tregs (TCRβ+CD4+Foxp3+) (C, 
D) from the spleens (A, C) and lungs (B, D) of female C57BL/6 WT and gene-targeted mice (8-10 
weeks)(n=7-9/group) were analysed by flow cytometry, gating on live CD45.2+ cells of leukocyte 
morphology. Cell numbers are represented as per gram (g) of spleen or per total lung. Data presented 
as mean ± SEM with each symbol representing an individual mouse. Statistical differences in cell 
proportions and numbers between different genotypes were determined by a one-way ANOVA with 
Bonferroni’s post-test analysis (*p<0.05; **p<0.01). Data pooled from two independent experiments.  
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Fig. 3.8 Expression of CD44 and CD62L on T cells in WT, Pdcd1-/-CD96-/- and the corresponding 
single gene-targeted mice.  
The proportions of naive (CD44-CD62L+), central memory (CM)(CD44+CD62L+) and effector 
memory (EM)(CD44+CD62L-) CD8+ T cells (TCRβ+CD8+), CD4+ Teff (TCRβ+CD4+Foxp3-) and 
Tregs (TCRβ+CD4+Foxp3+) from the spleens (A) and lungs (B) of female C57BL/6 WT or gene-
targeted  mice (11-15 weeks)(n=5-6/group) were analysed by flow cytometry, gating on live CD45.2+ 
cells of leukocyte morphology. Data presented as mean ± SEM with each symbol representing an 
individual mouse. Statistical differences between the genotypes were determined by one-way 
ANOVA with Bonferroni’s post-test analysis (*: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001). 
The experiment was performed once.  
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Fig. 3.9 Expression of CD44 and CD62L on T cells in WT, Tigit-/-CD96-/- and the corresponding 
single gene-targeted mice.  
The proportions of naive (CD44-CD62L+), central memory (CM)(CD44+CD62L+) and effector 
memory (EM)(CD44+CD62L-) CD8+ T cells (TCRβ+CD8+), CD4+ Teff (TCRβ+CD4+Foxp3-) and 
Treg (TCRβ+CD4+Foxp3+) from the spleens of female C57BL/6 WT or gene-targeted mice (8-10 
weeks)(n=8/group) were analysed by flow cytometry, gating on live CD45.2+ cells of leukocyte 
morphology. Data presented as mean ± SEM with each symbol representing an individual mouse. 
Statistical differences between the genotypes were determined by one-way ANOVA with 
Bonferroni’s post-test analysis (**: p<0.01). Data pooled from two independent experiments.  
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Fig. 3.10 The proliferative capacity of T and NK cells in WT, Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice.  
The proportions of Ki67+ CD8+ T cells (TCRβ+CD8α+), CD4+ Teff (TCRβ+CD4+Foxp3-), Tregs 
(TCRβ+CD4+Foxp3+) and NK cells (TCRβ-NK1.1+) from the spleens (A) and lungs (B) of female 
C57BL/6 WT and indicated gene-targeted mice (11-15 weeks)(n=5-6/group) were analysed by flow 
cytometry, gating on live CD45.2+ cells of leukocyte morphology. Data presented as mean ± SEM 
with each symbol representing an individual mouse. Statistical differences between different 
genotypes were determined by a one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05; 
**p<0.01). Experiment was performed once. 
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Fig. 3.11 Expression of PD-1, TIGIT, CD96 and DNAM-1 on splenic T and NK cells in WT, 
Pdcd1-/- CD96-/- and the corresponding single gene-targeted mice.  
The proportions of CD8+ T cells (TCRβ+CD8α+) (A), CD4+ Teff (TCRβ+CD4+Foxp3-) (B), Tregs 
(TCRβ+CD4+Foxp3+) (C) and NK cells (TCRβ-NK1.1+) (D) expressing  PD-1, TIGIT, CD96 or 
DNAM-1 from the spleens of female C57BL/6 WT or indicated gene-targeted  mice (11-15 
weeks)(n=5-6/group) was analysed by flow cytometry, gating on live CD45.2+ cells of leukocyte 
morphology. Data presented as mean ± SEM with each symbol representing an individual mouse. 
Statistical differences between multiple or two genotypes were determined by one-way ANOVA with 
Bonferroni’s post-test analysis or by Mann-Whitney test, respectively (*: p<0.05, **: p<0.01, ***: 
p<0.001). Experiment was performed once.  
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Fig. 3.12 Expression of PD-1, TIGIT, CD96 and DNAM-1 on lung T and NK cells in WT, Pdcd1-
/- CD96-/- and the corresponding single gene-targeted mice.   
The proportions of CD8+ T cells (TCRβ+CD8α+) (A), CD4+ Teff (TCRβ+CD4+Foxp3-) (B), Tregs 
(TCRβ+CD4+Foxp3+) (C) and NK cells (TCRβ-NK1.1+) (D) expressing PD-1, TIGIT, CD96 or 
DNAM-1 from the lungs of female C57BL/6 WT or gene-targeted  mice (11-15 weeks)(n=5-6/group) 
was analysed by flow cytometry, gating on live CD45.2+ cells of leukocyte morphology. Data 
presented as mean ± SEM with each symbol representing an individual mouse. Statistical differences 
between multiple or two genotypes were determined by one-way ANOVA with Bonferroni’s post-
test analysis or by Mann-Whitney test, respectively (*: p<0.05, **: p<0.01, ****: p<0.0001). 
Experiment was performed once.  
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Fig. 3.13 IFNγ and GrzB production in T and NK cells isolated from WT, Pdcd1-/- CD96-/- and 
the corresponding single gene-targeted mice. 
Spleens were harvested from female C57BL/6 WT or the indicated gene-targeted mice (12-15 
weeks)(n=4/group) and single-cell suspensions generated. Splenocytes were cultured 12 h in the 
presence of anti-CD3 (50 ng/ml) / anti-CD28 (500 ng/ml)  for T cell stimulation (A-D) or IL-12 (50 
pg/ml) / IL-18 (50 ng/ml) for NK cell stimulation (E, F) and the proportions  of CD8+ T cells 
(TCRβ+CD8α+)(A, B), CD4+ T cells (TCRβ+CD4+)(C, D) or NK cells (TCRβ-NK1.1+)(E ,F) 
expressing IFNγ or GrzB were analysed by flow cytometry, gating on live CD45.2+ cells of leukocyte 
morphology. Data presented as mean ± SEM with each symbol representing an individual mouse. 
Statistical differences between the genotypes were determined by one-way ANOVA with 
Bonferroni’s post-test analysis (*: p<0.05). Experiment was performed once.  
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Fig. 3.14 Level of activation induced cell death of CD8+ T cells isolated from WT, Pdcd1-/-CD96-
/- and the corresponding single gene-targeted mice.  
Spleens were harvested from female C57BL/6 WT or indicated gene-targeted mice (12 
weeks)(n=3/group) and CD8+ T cells sorted and stimulated for 48 h in the presence of anti-CD3 mAb 
(5 µg/ml) / anti-CD28 mAb (1 µg/ml) followed by 48 h rest and 8 h re-stimulation with (re-stimulated 
cells) or without (resting cells) anti-CD3 mAb (5 µg/ml) / anti-CD28 mAb (1 µg/ml). Apoptosis was 
determined by flow cytometry based on Annexin V/7AAD staining. Data presented as mean ± SEM. 
Experiment was performed once.  
 
 
 
 
 
 
 
 
 
130 
 
 
 
 
 
 
 
 
 
131 
 
 
Fig. 3.15 Ability of NK cells isolated from WT or Pdcd1-/-CD96-/- mice to reconstitute Rag2-/-γc-
/- mice.  
Rag2-/-γc-/- mice were injected with sorted C57BL/6 Pdcd1-/-CD96-/- or WT splenic NK cells (TCRβ-
NK1.1+NKp46+CD49b+)(purity=94-95 %)(n=6-9/group) and reconstitution determined seven days 
later from blood (A). On day 21 spleens were harvested and the splenic reconstitution (B) and the 
proportion of CD11-CD27+, CD11b+CD27+, CD11b+CD27-, CD11b-KLRG1+, CD11b+KLRG1+ and 
CD11b+KLRG1- NK cells (TCRβ-NK1.1+NKp46+) (C, D) was determined by flow cytometry, gating 
on live CD45.2+ cells of leukocyte morphology. Naïve Rag2-/-γc-/- and/or WT mice were used as a 
negative and positive control for NK cell reconstitution, respectively (A, B). Data presented as mean 
± SEM with each symbol representing an individual mouse. Statistical differences between WT and 
Pdcd1-/-CD96-/- NK cells were determined by Mann-Whitney test (*: p<0.05). Experiment was 
performed once.  
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Fig. 3.16 Survival of aged WT, Pdcd1-/-CD96-/- and the corresponding single gene-targeted mice.  
Groups of female C57BL/6 WT or the indicated gene-targeted mice (n=16-29) were aged for a period 
of 21.5 months and monitored for survival. Statistical differences between the indicated genotypes 
were determined by Log-Rank sum test (*p<0.05, ****p<0.0001). 
 
 
Fig. 3.17 Survival of aged WT, Tigit-/-CD96-/- and the corresponding single gene-targeted mice.  
Groups of female C57BL/6 WT or the indicated gene-targeted mice (n=14-17) were aged for a period 
of 21.5 months and monitored for survival. Statistical differences between the genotypes were 
determined by Log-Rank sum test. 
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Table 4 – List of causes leading to euthanasia of aged Pdcd1-/-CD96-/-, Pdcd1-/-, CD96-/- and WT 
mice. 
 
Genotype Age at euthanasia 
(in months) 
Cause of euthanasia Abnormal findings at 
autopsy 
WT 7 prolapse   
WT 17 severe weight loss, 
hunching, laborious 
breathing, paralysed 
forelimb 
  
Pdcd1-/- 8 prolapse, severe weight 
loss, eye inflammation, 
jerky movements 
  
Pdcd1-/- 11 severe weight loss, 
hunching 
small spleen (0.035g) 
Pdcd1-/- 14 severe weight loss, 
hunching 
  
Pdcd1-/- 15 severe weight loss, 
hunching 
  
Pdcd1-/- 16.5 swollen abdomen spontaneous tumor in 
liver and throat 
Pdcd1-/- 18 laborious breathing, 
ruffling, hunching, skin 
condition 
several spontaneous 
tumors in abdomen, 
enlarged spleen 
(0.996g) 
Pdcd1-/- 18 severe weight loss, 
hunching, blindness 
splenomegaly (0.526g), 
cardiomegaly 
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Pdcd1-/- 20 laborious breathing, 
hunching, ruffling, 
blepharitis 
  
Pdcd1-/- 21 spontaneous tumor on 
the back  
lung nodules, 
splenomegaly (1.346g) 
Pdcd1-/- 21 found dead   
Pdcd1-/- 21 found dead   
CD96-/- 8 hydrocephalus   
CD96-/- 14 severe weight loss, 
hunching  
many organs reduced 
in size 
CD96-/- 18 laborious breathing, 
severe weight loss, 
severe skin condition 
splenomegaly (0.260g), 
enlarged lungs 
CD96-/- 20.5 immotile, severe weight 
loss, hunching, 
blindness, seizures 
spleen reduced in size 
(0.046g) 
CD96-/- 20.5 laborious breathing, 
severe weight loss, 
hunching  
cyst in the liver 
Pdcd1-/-CD96-/- 4 malocclusion, absence of 
eyes 
  
Pdcd1-/-CD96-/- 5 prolapse    
Pdcd1-/-CD96-/- 6.5 prolapse   
Pdcd1-/-CD96-/- 6.5 bleeding vulva, 
hunching, shaking 
  
Pdcd1-/-CD96-/- 15 severe weight loss, 
hunching 
spleen (0.039g) and 
liver reduced in size 
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Pdcd1-/-CD96-/- 15.5 immotile     
Pdcd1-/-CD96-/- 19 found dead   
Pdcd1-/-CD96-/- 20 found dead   
Pdcd1-/-CD96-/- 21 found dead   
Pdcd1-/-CD96-/- 21.5 immotile, hunching, 
ruffling 
splenomegaly (0.399g), 
blood in stomach 
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Table 5 – List of causes leading to euthanasia of aged Tigit-/-CD96-/-, Tigit-/-, CD96-/- and WT 
mice. 
 
Genotype Age at 
euthanization (in 
months) 
Cause of euthanization Abnormal findings at 
autopsy 
WT 18 found dead   
WT 20 spontaneous tumor in 
the neck 
  
WT 19 head tilt   
Tigit-/- 21 found dead   
Tigit-/- 3.5 found dead   
Tigit-/- 17.5 head tilt, ear 
inflammation 
  
CD96-/- 11 found dead   
Tigit-/- CD96-/- 20 severe weight loss, eye 
inflammation 
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Fig. 3.18 Level of serum antibodies in WT, Pdcd1-/-CD96-/-, Tigit-/-CD96-/- and the corresponding 
single gene-targeted mice.  
From the cohorts in Fig. 3.16 (A, C, E) or Fig. 3.17 (B, D), groups of WT or indicated gene-targeted 
mice (n=4-5/group) were bled at 12 months (A, B) or 9 months (E) of age and the level of anti-dsDNA 
antibodies (A, B) or total IgG (H + L) (E) in sera determined by ELISA. Alternatively, the mice were 
bled at 7 months of age and the level of anti-nuclear antibodies (ANA) was determined by measuring 
the reactivity against permeabilized Hep-2a cells in an indirect immunofluorescent assay (C, D). Sera 
from aged gld-/- mice were used as a positive control (A-D). Data presented as mean ± SEM with each 
symbol representing an individual mouse (A-E). Statistical differences between the indicated 
genotypes were determined by one-way ANOVA with Bonferroni’s post-test analysis. Experiments 
were performed once.  
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Fig. 3.19 Histological liver score, serum AST/ALT levels and organ weights of aged WT, Pdcd1-
/-CD96-/- and the corresponding single gene-targeted mice.  
A cohort of female C57BL/6 WT or the indicated gene-targeted mice (n=5-7) were euthanized at the 
age of 12-14 months. Livers, colons and spleens were collected and weighed (D-F). Livers were also 
fixed and stained with H&E. Level of immune cell infiltration in livers is presented as histological 
liver score (A). Concentration of serum AST (B) and ALT (C) determined. Data presented as mean 
± SEM with each symbol representing an individual mouse. Statistical differences between the 
genotypes were determined by one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05, 
**p<0.01). Experiment was performed once.  
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Fig. 3.20 Histological organ scores of aged WT, Pdcd1-/-CD96-/- and the corresponding single 
gene-targeted mice.  
From the cohort in Fig. 3.16, groups of WT or indicated gene-targeted mice (n=4-9/group) were 
euthanized at the age of 21-25 months. Livers, lungs, kidneys and colons were collected, fixed and 
stained with H&E. Level of immune cell infiltration in different organs presented as histological 
organ scores (A-D). Representative images of organs shown (scale bar 200 µm) (E). Data presented 
as mean ± SEM with each symbol representing an individual mouse (A-D). Statistical differences 
between the genotypes were determined by one-way ANOVA with Bonferroni’s post-test analysis 
(**p<0.01). Experiment was performed once.  
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Fig. 3.21 Histological organ scores of aged WT, Tigit-/-CD96-/- and the corresponding single gene-
targeted mice.  
From the cohort in Fig. 3.17, groups of WT or indicated gene-targeted mice (n=4 group) were 
euthanized at the age of 26-28 months. Livers, lungs, kidneys and colons were collected, fixed and 
stained with H&E. Level of immune cell infiltration in different organs presented as histological 
organ scores (A-D). Representative images of organs shown (scale bar 200 µm) (E). Data presented 
as mean ± SEM with each symbol representing an individual mouse (A-D). Statistical differences 
between the genotypes were determined by one-way ANOVA with Bonferroni’s post-test analysis 
(*p<0.05, **p<0.01). Experiment was performed once.  
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Fig. 3.22 Weights of WT, Pdcd1-/-CD96-/- and the corresponding single gene-targeted mice. 
Groups of female C57BL/6 WT or the indicated gene-targeted mice were weighed at the age of 8-10 
weeks (n=10/group) (A). From the cohort in Fig. 3.16, mice were weighed at the age of 25-28 weeks 
(n=15-29/group) (B). Data presented as mean ± SEM with each symbol representing an individual 
mouse. Statistical differences between indicated genotypes were determined by one-way ANOVA 
with Bonferroni’s post-test analysis (**p<0.01, ****p<0.0001). Experiments were performed once.  
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Fig. 3.23 The level of inflammatory cytokines in the sera of aged WT, Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice.  
From the cohort in Fig. 3.16, groups of WT or indicated gene-targeted mice (n=7-10/group) were 
bled at 27-31 weeks of age and the level of IFNγ (A) and TNFα (B) in sera determined by CBA. Data 
presented as mean ± SEM with each symbol representing an individual mouse. Statistical differences 
between the indicated genotypes were determined by one-way ANOVA with Bonferroni’s post-test 
analysis. Experiment was performed once.  
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Fig. 3.24 Proportions and numbers of CD45.2+ cells in aged WT, Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice.  
From the cohort in Fig. 3.16 groups of WT or indicated gene-targeted mice (n=3-6/group) were 
euthanized at the age of 21-25 months. The proportions and numbers of live CD45.2+ cells from the 
spleens (A) and lungs (B) were analysed by flow cytometry gating on live CD45.2+ cells of leukocyte 
morphology. Cell numbers represented as per gram (g) of spleen or per 75% of total lung. Data 
presented as mean ± SEM with each symbol representing an individual mouse. Statistical differences 
in cell proportions and numbers between different genotypes were determined by a one-way ANOVA 
with Bonferroni’s post-test analysis (**p<0.01). Experiment was performed once. 
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Fig. 3.25 Proportions and numbers of CD8+ T cells, CD4+ Teff cells and B cells in aged WT, 
Pdcd1-/-CD96-/- and the corresponding single gene-targeted mice.  
From the cohort in Fig. 3.16 groups of WT or indicated gene-targeted mice (n=3-6/group) were 
euthanized at the age of 21-25 months. The proportions and numbers of CD8+ T cells 
(TCRβ+CD8α+)(A, B), CD4+ Teff (TCRβ+CD4+Foxp3-)(C, D) or B cells (CD3-CD19+)(E, F) from 
the spleens (A, C, E) and lungs (B, D, F) was analysed by flow cytometry, gating on live CD45.2+ 
cells of leukocyte morphology. Cell numbers are represented as per gram (g) of spleen or per 75% of 
total lung. Data presented as mean ± SEM with each symbol representing an individual mouse. 
Statistical differences in cell proportions and numbers between different genotypes were determined 
by a one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05). Experiment was performed 
once. 
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Fig. 3.26 Proportions and numbers of myeloid cells in aged WT, Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice.  
From the cohort in Fig. 3.16 groups of WT or gene-targeted mice (n=3-6/group) were euthanized at 
the age of 21-25 months. The proportions and numbers of macrophages (CD11b+F4/80+)(A, B), 
dendritic cells (DCs)(CD11c+MHCII+)(C, D) and CD11b+GR-1hi cells (E, F) from the spleens (A, C, 
E) and lungs (B, D, F) was analysed by flow cytometry, gating on live CD45.2+ cells of leukocyte 
morphology. Cell numbers are represented as per gram (g) of spleen or per 75% of total lung. Data 
presented as mean ± SEM with each symbol representing an individual mouse. Statistical differences 
in cell proportions and numbers between different genotypes were determined by a one-way ANOVA 
with Bonferroni’s post-test analysis (*p<0.05; **p<0.01). Experiment was performed once. 
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Figure 3.27 Proportions and numbers of NK cells and Tregs in aged WT, Pdcd1-/-CD96-/- and 
the corresponding single gene-targeted mice.  
From the cohort in Fig. 3.16 groups of WT or indicated gene-targeted mice (n=3-6/group) were 
euthanized at the age of 21-25 months. The proportions and numbers of NK cells (TCRβ-NK1.1+)(A, 
B) or Tregs (TCRβ+CD4+Foxp3+)(C, D) from the spleens (A, C) and lungs (B, D) was analysed by 
flow cytometry, gating on live CD45.2+ cells of leukocyte morphology. Cell numbers represented as 
per gram (g) of spleen or per 75% of total lung. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences in cell proportions and numbers between 
different genotypes were determined by a one-way ANOVA with Bonferroni’s post-test analysis 
(*p<0.05; **p<0.01). Experiment was performed once. 
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Fig. 3.28 Expression of CD44 and CD62L on T cells in one-year-old WT, Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice.  
The proportion of naive (CD44-CD62L+), central memory (CM)(CD44+CD62L+) and effector 
memory (EM)(CD44+CD62L-) CD8+ T cells (TCRβ+CD8α+), CD4+ Teff (TCRβ+CD4+Foxp3-) and 
Tregs (TCRβ+CD4+Foxp3+) from the spleens (A) and lungs (B) of female C57BL/6 WT or indicated 
gene-targeted mice (12-14 months)(n=5-7/group) were analysed by flow cytometry, gating on live 
CD45.2+ cells of leukocyte morphology. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences between the genotypes were determined by 
one-way ANOVA with Bonferroni’s post-test analysis (*: p<0.05, **: p<0.01). Experiment was 
performed once.  
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Fig. 3.29 Expression of CD44 and CD62L on T cells in two-year-old WT, Pdcd1-/-CD96-/- and 
the corresponding single gene-targeted mice.  
From the cohort in Fig. 3.16 groups of WT or indicated gene-targeted mice (n=3-6/group) were 
euthanized at the age of 21-25 months. The proportions of naive (CD44-CD62L+), central memory 
(CM)(CD44+CD62L+) and effector memory (EM)(CD44+CD62L-) CD8+ T cells (TCRβ+CD8α+), 
CD4+ Teff (TCRβ+CD4+Foxp3-) and Tregs (TCRβ+CD4+Foxp3+) from the spleens (A) and lungs (B) 
was analysed by flow cytometry, gating on live CD45.2+ cells of leukocyte morphology. Data 
presented as mean ± SEM with each symbol representing an individual mouse. Statistical differences 
between the genotypes were determined by one-way ANOVA Bonferroni’s post-test analysis (**: 
p<0.01). Experiment was performed once.  
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Fig. 3.30 The proliferative capacity of T cells and NK cells in aged WT, Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice.  
The proportions of Ki67+ CD8+ T cells (TCRβ+CD8α+), CD4+ Teff (TCRβ+CD4+Foxp3-), Tregs 
(TCRβ+CD4+Foxp3+) and NK cells (TCRβ-NK1.1+) from the spleens (A) and lungs (B) of female 
C57BL/6 WT and indicated gene-targeted mice (12-14 months)(n=5-7/group) were analysed by flow 
cytometry, gating on live CD45.2+ cells of leukocyte morphology. Data presented as mean ± SEM 
with each symbol representing an individual mouse. Statistical differences between different 
genotypes were determined by a one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05; 
**p<0.01). Experiment was performed once. 
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Fig. 3.31 Expression of PD-1, TIGIT, CD96 and DNAM-1 on splenic T cells and NK cells in 
aged WT, Pdcd1-/-CD96-/- and the corresponding single gene-targeted mice.  
From the cohort in Fig. 3.16 groups of WT or indicated gene-targeted mice (n=3-6/group) were 
euthanized at the age of 21-25 months. The proportions of CD8+ T cells (TCRβ+CD8α+)(A), CD4+ 
Teff (TCRβ+CD4+Foxp3-)(B), Tregs (TCRβ+CD4+Foxp3+)(C) and NK cells (TCRβ-NK1.1+)(D) 
expressing  PD-1, TIGIT, CD96 or DNAM-1  from the spleens was analysed by flow cytometry, 
gating on live CD45.2+ cells of leukocyte morphology. Data presented as mean ± SEM with each 
symbol representing an individual mouse. Statistical differences between the genotypes were 
determined by one-way ANOVA with Bonferroni’s post-test analysis (*: p<0.05, **: p<0.01). 
Experiment was performed once.  
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Fig. 3.32 Expression of PD-1, TIGIT, CD96 and DNAM-1 on lung T cells and NK cells in aged 
WT, Pdcd1-/- CD96-/- and the corresponding single gene-targeted mice.  
From the cohort in Fig. 3.16 groups of WT or indicated gene-targeted mice (n=4-6/group) were 
euthanized at the age of 21-25 months. The proportions of CD8+ T cells (TCRβ+CD8α+)(A), CD4+ 
Teff (TCRβ+CD4+Foxp3-)(B), Tregs (TCRβ+CD4+Foxp3+)(C) and NK cells (TCRβ-NK1.1+)(D) 
expressing  PD-1, TIGIT, CD96 or DNAM-1 from the lungs was analysed by flow cytometry, gating 
on live CD45.2+ cells of leukocyte morphology. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences between the genotypes were determined by 
one-way ANOVA with Bonferroni’s post-test analysis (*: p<0.05, **: p<0.01, ***: p<0.001). 
Experiment was performed once.  
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Fig. 3.33 IFNγ and GrzB production in T cells and NK cells isolated from aged WT, Pdcd1-/- 
CD96-/- and the corresponding single gene-targeted mice.  
From the cohort in Fig. 3.16 groups of WT or indicated gene-targeted mice (n=3-6/group) were 
euthanized at the age of 21-25 months. Spleens were harvested and single-cell suspensions generated. 
Splenocytes were cultured 12 h in the presence of anti-CD3 mAb (50 ng/ml) / anti-CD28 mAb (500 
ng/ml)  for T cell stimulation (A-D) or IL-12 (50 pg/ml) / IL-18 (50 ng/ml) for NK cell stimulation 
(E, F) and the proportions  of CD8+ T cells (TCRβ+CD8α+)(A, B), CD4+ T cells (TCRβ+CD4+)(C, D) 
or NK cells (TCRβ-NK1.1+)(E, F) expressing IFNγ or GrzB were analysed by flow cytometry, gating 
on live CD45.2+ cells of leukocyte morphology. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences between the genotypes were determined by 
one-way ANOVA with Bonferroni’s post-test analysis (*: p<0.05, **: p<0.01). Experiment was 
performed once. 
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3.4 Discussion 
Given that multiple non-redundant immunosuppressive pathways co-exist in the tumor 
microenvironment, immunotherapies targeting novel immune checkpoint receptors will most likely 
be tested in combination with the aim to increase clinical efficacy. However, these combinations will 
most likely further increase the frequency and severity of irAEs. Indeed, development of severe irAEs 
during immune checkpoint therapy is the most common reason for treatment interruption or 
discontinuation291. The generation of gene-targeted mice deficient for single or double immune 
checkpoint receptors is a useful first step to assess how their loss impacts on peripheral tolerance and 
immune homeostasis and whether compound gene loss is synergistic. In this study, we generated 
gene-targeted mice that were double deficient for either PD-1 and CD96 or TIGIT and CD96. Neither 
strain of mice showed major changes in their immune cell composition compared to their 
corresponding single-gene targeted mice. Furthermore, long-term aging of Pdcd1-/-CD96-/- and Tigit-
/-CD96-/- mice demonstrated the potential safety of co-targeting these pathways, since these mice did 
not display increased disease or pathology above Pdcd1-/-, Tigit-/- or CD96-/- mice.  
 
We show here that there were no major changes in most immune cell populations in Pdcd1-/-CD96-/- 
or Tigit-/-CD96-/- mice compared to mice lacking only PD-1, TIGIT or CD96. The most evident 
change was observed for Tregs and NK cells from both Pdcd1-/- and Pdcd1-/-CD96-/- mice. Compared 
to WT mice, particularly Pdcd1-/- and to a lesser extent Pdcd1-/-CD96-/- mice had increased 
proportions and numbers of Tregs while both gene-targeted mice showed decreased proportions and 
numbers of NK cells. The increase in Tregs in Pdcd1-/- mice is in accordance with previous studies132, 
425. Interestingly, despite the increase in Tregs, Pdcd1-/- mice have been demonstrated to display 
increased tumor suppression122, 431 and strain specific late-onset autoimmunity118, 119 suggesting that 
Pdcd1-/- Tregs may have decreased suppressive activity. Indeed, it has been reported that PD-1/PD-
L1 interaction is essential for CD8+ T cell suppression by Tregs during chronic viral infection134. 
Whether loss of CD96 alone or in combination with PD-1 attenuates the suppressive function of Tregs 
is currently under investigation. On the contrary, the importance of CD96 in suppressing NK cell 
cytotoxicity has been demonstrated176. In Pdcd1-/-CD96-/- and Pdcd1-/- mice, we observed a decrease 
in NK cells suggesting that the decrease was due to the loss of PD-1 and not CD96. Decreased 
proportions and numbers of NK cells in Pdcd1-/- and Pdcd1-/-CD96-/- mice compared to WT mice can 
be due to various reasons such as decreased maturation of NK cells in the BM, decreased exit rate 
from the BM, reduced proliferation or migration to tissues or increased rate of apoptosis in the 
absence of PD-1. In addition, the increase in Treg proportions and numbers observed in Pdcd1-/- and 
Pdcd1-/-CD96-/- mice may affect the level of NK cells by competing for space in the respective organs. 
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Given that no difference was observed between NK cells isolated from Pdcd1-/-CD96-/- or WT mice 
in the ability to reconstitute Rag2-/-γc-/- mice, one could speculate that the decrease in the level of NK 
cells in Pdcd1-/- and Pdcd1-/-CD96-/- mice is not due to decreased migration to tissues or increased 
apoptosis. In addition, no increase in the proportion of NK cells was observed in the blood of Pdcd1-
/- and Pdcd1-/-CD96-/- mice compared to WT mice further suggesting no differences in NK cell 
migration to tissues between the genotypes. Various cytokines, particularly IL-15, are crucial for NK 
cell development, homeostasis and activation432. Indeed, IL-15 or IL-15Rα deficiency has been 
shown to cause complete absence of mature NK cells in mice433, 434. It would be of interest to measure 
the level of IL-15 in Pdcd1-/- and Pdcd1-/-CD96-/- mice in order to determine whether absence of PD-
1 causes changes in the level of IL-15 leading to changes in NK cell homeostasis.  
The loss/blockade of one immune checkpoint receptor may induce the upregulation of other inhibitory 
receptors as a mechanism of resistance426. Similarly, we observed a significant increase in the 
proportion of Tregs expressing TIGIT in Pdcd1-/- and Pdcd1-/-CD96-/- mice. Given that TIGIT 
expression on Tregs has been associated with highly active and suppressive phenotype214, Tregs 
might upregulate TIGIT to compensate the loss of PD-1 in Pdcd1-/- and Pdcd1-/-CD96-/- mice. In 
addition to Tregs, the proportion of CD8+ T cells expressing TIGIT also increased in the absence of 
PD-1. Interestingly, the increase was more significant in Pdcd1-/-CD96-/- mice compared to Pdcd1-/- 
mice suggesting that loss of two inhibitory receptors causes further increase in resistance mechanisms 
compared to loss of one receptor. Overall, these results, and previous studies demonstrating PD-
1/TIGIT co-blockade increasing anti-tumor immunity in mice210, 217, 424 suggest that targeting PD-1 
in combination with TIGIT could be beneficial. Loss of PD-1 in Pdcd1-/- and Pdcd1-/-CD96-/- mice 
had also minor effects in DNAM-1 expression causing a decrease in the proportion of CD8+ T cells 
expressing DNAM-1 in Pdcd1-/- and Pdcd1-/-CD96-/- compared to WT mice. This could prevent CD8+ 
T cells from becoming too activated in the absence of PD-1 inhibition.  
 
PD-1 deletion or blockade on T cells has been reported to enhance cytokine, particularly IFNγ, TNFα 
and IL-2 production435, 259. Similarly, the loss of CD96 was shown to increase NK cell IFNγ 
production in response to LPS challenge176. To our surprise we observed only minor differences in 
IFNγ and GrzB production from stimulated CD4+ T cells isolated from Pdcd1-/-CD96-/- and Pdcd1-/- 
compared to those isolated from CD96-/- or WT mice. Furthermore, there were no differences in the 
level of IFNγ or GrzB produced by stimulated CD8+ T cells or NK cells isolated from 12-15 weeks 
old Pdcd1-/-CD96-/-, WT or the corresponding single gene-targeted mice. However, this experiment 
was only performed once and it is likely that the stimulation conditions were not optimized to allow 
differences between T cells or NK cells lacking PD-1 and/or CD96 to be observed. In cells isolated 
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from aged mice, an increase in GrzB production by CD8+ T cells and a decrease in IFNγ production 
by NK cells derived from CD96-/- mice or Pdcd1-/-CD96-/- and CD96-/- mice, respectively, was 
observed following stimulation. Given that the overall level of cytokine production was decreased in 
the cells derived from aged mice, subtle differences may indeed become evident when activation level 
is decreased. The increase in GrzB production by CD8+ T cells from aged CD96-/- mice was somewhat 
surprising since the same increase was not observed in CD8+ T cells derived from aged Pdcd1-/-CD96-
/- mice but may suggest increased level of exhaustion of CD8+ T cells deficient for two inhibitory 
receptors. NK cells derived from aged Pdcd1-/-CD96-/- and CD96-/- mice showing decreased IFNγ 
production can also suggest NK cell exhaustion in the absence of CD96. However, the experiments 
should be repeated and optimized before any definitive conclusions can be made.       
 
Currently, patients with autoimmune diseases are usually excluded from therapies targeting immune 
checkpoint pathways as it is uncertain whether the treatment may worsen their autoimmune 
symptoms436 or trigger any other underlying autoimmune disease437. A recent case report described a 
patient with advanced melanoma and ulcerative colitis who received ipilimumab (anti-CTLA-4 mAb) 
therapy438. The patient established a complete response but simultaneously had worsening of the 
existing colitis which resulted in total colectomy being required. Another case study described a 
patient who developed autoimmune diabetes following pembrolizumab (anti-PD-1 mAb) therapy for 
advanced melanoma437. Further investigations revealed the patient carrying an autoimmune diabetes 
high-risk genotype in her HLA locus. Yet another case study reported the development of a severe 
heart failure in a melanoma patient following pembrolizumab therapy439. Myocardial biopsy revealed 
increased CD8+ T cell infiltration and decreased number of FOXP3+ Tregs as the cause of the 
autoimmune myocarditis. Thus it may be useful to generate deficiency of PD-1 and CD96 alone or 
in combination in strains of mice that are prone to developing autoimmunity such as BALB/c mice 
where loss of PD-1 alone leads to their development of autoimmune dilated cardiomyopathy119. Given 
that loss of PD-1 on a NOD background can accelerate the development of T1D120 and the recent 
studies linking new-onset insulin-dependent diabetes in anti-PD-1 mAb-treated patients440, 441, it may 
be of utility to breed Pdcd1-/-CD96-/- on to a NOD background and compare disease development 
with Pdcd1-/- NOD mice.  
 
We observed a decrease in survival of Pdcd1-/- and Pdcd1-/-CD96-/- mice compared to WT mice when 
the mice were aged for 22 months. Most common reasons for euthanasia for Pdcd1-/- and Pdcd1-/-
CD96-/- mice were severe weight loss and labored breathing. In addition, several euthanized mice 
displayed either reduced or enlarged spleen in autopsy suggesting changes in immune homeostasis. 
Pulmonary manifestations have been associated to several systemic autoimmune diseases such as 
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SLE, RA, systemic sclerosis, Sjogren’s syndrome and polymyositis/dermatomyositis442. Particularly 
RA and SLE are the most common autoimmune diseases affecting the pleural cavity, and lung disease 
have been reported to be the main cause of death in RA. Besides pulmonary manifestations, systemic 
autoimmune diseases can also cause a variety of gastrointestinal symptoms443. Malabsorption and 
weight loss are common symptoms in SLE and colonic inflammation and collagenous colitis often 
cause diarrhoea and weight loss in RA patients. Given that the original studies describing C57BL/6 
Pdcd1-/- mice reported the mice developing lupus-like proliferative arthritis118, loss of PD-1 could 
possibly also lead to pulmonary disease and gastrointestinal manifestations over a long time frame. 
In addition, diarrhoea and low level of pneumonitis have also been described with cancer patients 
treated with anti-PD-1 mAbs291. However, we did not observe increase in immune cell infiltration in 
lungs or colons harvested from perceptibly healthy, 21-25 months old Pdcd1-/- and Pdcd1-/-CD96-/- 
mice compared to WT mice. Nevertheless, it does not rule out the possibility that the mice displaying 
pulmonary symptoms or weight loss did not have increased immune cell infiltration in these organs 
at the time of disease. Furthermore, more detailed assessment of different immune cell populations 
infiltrating different organs in diseased mice could reveal deviations from normal immune 
homeostasis. 
 
Interestingly, although some Pdcd1-/- and Pdcd1-/-CD96-/- mice experienced severe weight loss when 
aged leading to their euthanasia, an overall increase in weight was observed in these and Tigit-/- and 
Tigit-/-CD96-/- mice suggesting that PD-1 and TIGIT might be involved in regulating metabolic 
pathways. Indeed, the expression of PD-1 and TIGIT has been shown to correlate with the expression 
of IL-33 receptor, ST2 on visceral adipose tissue (VAT)-Tregs444. VAT-Tregs are tissue-resident cells 
which regulate low-grade inflammation in adipose tissue and thus glucose metabolism445. 
Interestingly, IL-33 signalling has recently been shown to be vital for the maintenance of these 
cells444. This suggests that mice lacking PD-1 or TIGIT might contain Tregs that are not able to 
regulate metabolism as efficiently as WT Tregs thus leading to increased weight gain of these mice.  
It was encouraging that even at 22 months of age, Pdcd1-/-CD96-/- mice did not display dysregulated 
immune homeostasis or enhanced immune-based disease compared to Pdcd1-/- mice. To our 
knowledge, this represents the longest period where Pdcd1-/- mice have been aged, suggesting that 
chronic mAb therapy co-targeting these two checkpoint receptors could be safe and not further 
increase the severity of irAEs caused by anti-PD-1 therapy alone. The immune compartments in Tigit-
/-CD96-/- mice appeared normal, similar to WT mice, with no overt changes in their major immune 
cell populations, suggesting the importance of these two immune checkpoint receptors is lower than 
PD-1, in terms of maintaining peripheral tolerance. In contrast to co-loss of PD-1 and CD96, loss of 
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PD-1 in combination with LAG-3 strongly affected immune homeostasis as T cells in PD-1/LAG-3 
double deficient mice were highly activated with enhanced production of pro-inflammatory cytokines 
such as IFNγ which ultimately resulted in most mice becoming moribund by 10 weeks of age122. 
Similarly, mice that lacked PD-1 and VISTA displayed an increased frequency of activated T cells 
although this did not impact on their survival123. While the expression pattern of co-inhibitory 
receptors on activated T cells can overlap, the use of gene-targeted mice to delete one or more of 
these receptors in combination allows their hierarchy of dominance and their redundancy in regulating 
T cell activation to be examined. 
 
As with any pre-clinical mouse model, there are caveats in comparing mice deficient for immune 
checkpoint receptors with WT mice treated with mAb therapy targeting immune checkpoint receptors 
as a means of evaluating the development of irAEs. Possible changes in immune cell homeostasis 
and cytokine milieu caused by immune checkpoint deficiency are not applicable to immune 
checkpoint blockade. Further, effects of gene deletion may be affected by the genetic background of 
the mice such as in the case of the different autoimmune phenotypes observed between C57BL/6 
Pdcd1-/-117, 118 and BALB/c Pdcd1-/- mice119. In addition, the effects of ADCC/ADCP or development 
of drug resistance associated with mAb therapy cannot be evaluated with gene-deficient mice. 
However, examining mice deficient for immune checkpoint receptors is nevertheless a useful first 
step to assess how their loss affects peripheral tolerance and immune homeostasis.    
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Chapter Four 
 
Assessing the effects of targeting CD96 in combination with PD-1 or 
TIGIT on tumor immunity 
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4.1. Abstract 
The current aim in the field of cancer immunotherapy is to find new and safe combination treatments 
with high anti-tumor efficacy. We previously demonstrated the safety of co-targeting CD96 in 
combination with PD-1 or TIGIT and now the ability of Pdcd1-/-CD96-/- and Tigit-/-CD96-/- mice to 
suppress tumor growth was assessed using multiple subcutaneous tumor models. Interestingly, 
increased suppression of tumor growth and complete responses were seen in Pdcd1-/-CD96-/- mice 
compared to Pdcd1-/- or CD96-/- mice depending upon the tumor model. In contrast, in these models, 
growth suppression in Tigit-/-CD96-/- mice was similar to Tigit-/- or CD96-/-mice. This enhanced anti-
tumor efficacy of Pdcd1-/-CD96-/-mice appeared to be due to favorable changes in the ratio of CD8+ 
T cells to Tregs or CD11b+GR-1hi myeloid cells in the tumor microenvironment. Altogether, co-
targeting CD96 and PD-1 may increase anti-tumor immunity over targeting PD-1 alone and 
potentially not induce serious immune-related toxicities and thus appears a promising strategy for 
clinical development. 
 
4.2. Introduction 
A large proportion of patients with advanced cancer generally do not respond to CTLA-4 or PD-
1/PD-L1 blockade as a monotherapy446, 447. Given that the tumor microenvironment contains multiple 
immunosuppressive pathways, combination immunotherapies that synergize and co-target these 
pathways may improve anti-tumor efficacy. Since CTLA-4 and PD-1 regulate different T cell 
signalling pathways; CTLA-4 controlling T cell priming287, 448 and PD-1 acting more in peripheral 
tolerance86, 449, antibodies targeting CTLA-4 and PD-1 have the potential to synergize and improve 
anti-tumor efficacy. Indeed, co-blockade of CTLA-4 and PD-1 resulted in longer progression-free 
survival and a higher ORR compared to CTLA-4 or PD-1 blockade alone in a phase III trial involving 
patients with advanced melanoma although it also increased the proportion and severity of irAEs289. 
However, there are still a large proportion of patients that do not respond to the anti-PD-1/anti-CTLA-
4 mAb combination suggesting other mechanism of immunosuppression may need to be targeted. 
Due to the vast understanding of the PD-1 pathway and the safety and efficacy of anti-PD-1/anti-PD-
L1 mAbs in a wide variety of cancers, these agents will most likely be combined with novel 
therapies446, 447. Thus identifying other immune checkpoint receptors that can be co-targeted with 
anti-PD-1 mAbs, without inducing severe irAEs, is of interest. 
CD96 and TIGIT are cell surface receptors that bind ligands of the nectin and nectin-like family222. 
They are both expressed on T and NK cells, particularly following activation168, 175, 187, 190, 422. The 
main ligand for both receptors is CD155 which is also shared with the activating receptor DNAM-
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1170, 175, 187, 225. In addition to CD155, CD96 also reportedly binds CD111 in mice170, 175 while TIGIT 
binds CD112 and CD113187, 190. CD112 can also bind DNAM-1225 and an inhibitory receptor, 
CD112R423. Although the inhibitory role of CD96 in NK cells in mice has been described, its 
relevance in regulating T cell function is still largely unknown176. Pre-clinically, CD96-/- mice 
displayed enhanced resistance to experimental lung metastases and the combination of anti-CD96 
and anti-PD-1 mAbs further decreased lung metastases compared to either antibody alone suggesting 
the potential for targeting PD-1 in combination with CD96181. TIGIT has a well-described role in 
negatively regulating T cell function and Tigit-/- mice have been shown to suppress subcutaneous 
tumor growth compared to WT mice214, 221. In the experimental lung metastases setting, the effects of 
TIGIT deficiency have been controversial181, 221. Interestingly, however, when Tigit-/- mice were 
treated with anti-CD96 mAb they showed further reduction in metastases compared to WT mice 
treated with anti-CD96 mAb suggesting that co-targeting of CD96 and TIGIT may also have merit181.     
The expression of immune checkpoint receptors and their ligands in the tumor microenvironment 
may be one factor affecting the decision of which receptor/ligand pathways should be targeted. PD-
L1 is expressed in many cancers and the expression has been shown to correlate with poor 
prognosis266, 449. The main drivers for PD-L1 expression in the tumor microenvironment are 
considered to be cytokines such as IFNγ449. Other factors such as activation of certain oncogenes and 
hypoxic conditions have also been demonstrated to cause PD-L1 upregulation416, 449. The expression 
of PD-L1 in the tumor microenvironment has been associated with an increased response to anti-PD-
1 mAb therapy266 although patients that display no PD-L1 expression can also benefit from PD-1 
blockade417. CD155 and CD112 are also frequently upregulated in various tumors183, 184, 202, 450 due to 
changes in oncogene expression and the presence of cytokines such as IFNγ451, 452. According to a 
recent study, in the presence of CD155 and CD112, co-blockade of PD-1 and TIGIT caused additive 
increase in T cell proliferation, degranulation and cytokine secretion, suggesting that tumors 
expressing CD155 and CD112 might show increased response to anti-PD-1/anti-TIGIT mAb 
combination therapy453. 
Since Pdcd1-/-CD96-/- or Tigit-/-CD96-/- mice displayed no overt perturbations in immune homeostasis 
beyond that previously reported for Pdcd1-/- or Tigit-/- mice, we next assessed the effects of targeting 
these receptor combinations on tumor immunity. The ability of Pdcd1-/-CD96-/- and Tigit-/-CD96-/- 
mice to suppress subcutaneous tumor growth was assessed using four different tumor models, the 
SM1WT1 BRAF-mutated melanoma, MC38 colon carcinoma, MCA1956 fibrosarcoma and AT3 
mammary carcinoma. Interestingly, increased tumor suppression was observed in Pdcd1-/-CD96-/- 
mice compared to Pdcd1-/- or CD96-/- mice bearing SM1WT1 or MCA1956 tumors, but not MC38 or 
AT3 tumors. The enhanced tumor growth suppression of SM1WT1 in Pdcd1-/-CD96-/- mice appeared 
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to be due to favorable changes in CD8+ T cells to Treg or CD11b+GR-1hi myeloid cell ratios in the 
tumor microenvironment. The increased tumor suppression and the lack of serious immune-related 
toxicities in Pdcd1-/-CD96-/- mice support the potential efficacy and safety in clinical co-blockade of 
CD96 and PD-1. 
 
4.3. Results 
4.3.1 Enhanced tumor resistance of Pdcd1-/-CD96-/- mice is tumor model-dependent. 
We have previously demonstrated that the efficacy of anti-CD96 mAb against experimental lung 
metastases was enhanced when combined with anti-PD-1 mAb in WT mice or when administered in 
Tigit-/- mice181. However, the effects of combined loss of host PD-1 and CD96 or TIGIT and CD96 
on subcutaneous tumor growth has not been examined. We therefore first evaluated two subcutaneous 
tumor models, namely the MC38 colon carcinoma that is responsive to anti-PD-1 mAbs454 and the 
SM1WT1 BRAF-mutated melanoma that is non-responsive to anti-PD-1 mAbs413 (Fig. 4.1, Fig. 4.2). 
Growth of SM1WT1 in Pdcd1-/-CD96-/- mice was significantly suppressed compared to WT, Pdcd1-
/- or CD96-/- mice (Fig. 4.1A, Fig. 4.2A-B). Additionally, a small but significant proportion of Pdcd1-
/-CD96-/- mice completely rejected their tumors while no cures were observed in either Pdcd1-/-or 
CD96-/- mice (Fig. 4.1B). Although MC38 tumor growth was strongly suppressed in mice lacking 
PD-1, no additional tumor suppression was observed in Pdcd1-/-CD96-/- compared with Pdcd1-/- mice 
(Fig. 4.1C, Fig. 4.2C) and similar tumor rejection rate was observed in both strains (Fig. 4.1D). We 
also assessed the effects of combined loss of PD-1 and CD96 in two additional tumor models, 
MCA1956 fibrosarcoma and AT3 mammary carcinoma (Fig. 4.3). The growth of MCA1956 tumors 
was suppressed to a greater extent in Pdcd1-/-CD96-/- mice compared to WT, Pdcd1-/- or CD96-/- mice 
(Fig. 4.3A). Furthermore, similar to what we observed with SM1WT1, a small but significantly higher 
number of MCA1956 tumor-bearing Pdcd1-/-CD96-/- mice completely rejected their tumors compared 
to Pdcd1-/- mice (Fig. 4.3B). By contrast, the growth of AT3 was similar to what we observed in the 
MC38 model where no additional resistance was observed in Pdcd1-/-CD96-/- mice compared to 
Pdcd1-/- mice which was evident in both tumor growth curves (Fig. 4.3C) and in the proportion of 
mice that were cured (Fig. 4.3D). Interestingly, in the SM1WT1, MC38 and AT3 tumor models, there 
were only minor differences in tumor growth rates in Tigit-/-CD96-/- mice compared to WT, Tigit-/- or 
CD96-/- mice (Fig. 4.4, Fig. 4.5). Given that the differences in tumor growth and rejection rates 
between Pdcd1-/-CD96-/-, Pdcd1-/-, CD96-/- and WT mice were most significant in SM1WT1 and 
MC38 models, we decided to use these two tumor cell lines in the subsequent studies. 
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4.3.2 Enhanced tumor suppression in SM1WT1 tumor-bearing Pdcd1-/-CD96-/- mice requires 
CD8+ T cells, NK cells and IFNγ.  
Since significantly increased suppression of SM1WT1 tumors in Pdcd1-/-CD96-/- mice compared to 
WT mice or the corresponding single gene-targeted mice was observed, we next determined the cell 
type and mechanism that was suppressing SM1WT1 tumor growth in Pdcd1-/-CD96-/- mice (Fig. 4.6).  
Depletion of CD8+ T cells entirely abolished the ability of Pdcd1-/-CD96-/- mice to suppress tumor 
growth (Fig. 4.6A). While NK cells generally do not play a role in control of subcutaneous tumor 
growth such as MC38455, we have previously shown that NK cells were involved in suppressing 
SM1WT1 subcutaneous tumor growth456, 457. We therefore set up a similar experiment as in Fig. 4.6A 
but depleted NK cells and interestingly, we observed a partial loss of tumor suppression (Fig 4.6B). 
Neutralization of IFNγ also abrogated tumor suppression in this strain of mice (Fig. 4.6C). Overall, 
these results demonstrate that CD8+ T cells, NK cells and IFNγ are critical mediators of anti-tumor 
efficacy in SM1WT1 tumor-bearing Pdcd1-/-CD96-/- mice.  
 
4.3.3 Enhanced suppression of SM1WT1 tumors in Pdcd1-/-CD96-/- mice correlates with 
increased CD8+T cell:Treg and CD8+T cell:CD11b+GR-1hi ratios.  
To understand why SM1WT1 tumors, but not MC38 tumors, were better controlled in Pdcd1-/-CD96-
/- compared to Pdcd1-/- or CD96-/- mice, flow cytometry was used to investigate the TILs in these 
tumor-bearing mice at an early time point (day 8) (Fig. 4.7 - Fig. 4.10). This time point was chosen 
since all the tumors were equal in size, thus eliminating any confounding effects of tumor size on the 
analysis. A significant increase in the numbers and proportions of CD45.2+ hematopoietic cells (Fig. 
4.7A, Fig. 4.8A) and CD8+ T cells (Fig. 4.7B, Fig. 4.8B) in SM1WT1 tumor-bearing Pdcd1-/- CD96-
/- mice compared to WT mice was observed, whereas such an increase was not as obvious in tumor-
bearing Pdcd1-/- or CD96-/- mice. Compared to WT mice, both SM1WT1 tumor-bearing Pdcd1-/-
CD96-/- and Pdcd1-/- mice displayed an increase in the number and proportion of CD4+ Teff cells (Fig. 
4.9A, Fig. 4.10A) and Tregs (Fig. 4.9B, Fig. 4.10B) while NK cell (Fig. 4.9C) and CD11b+GR-1hi 
myeloid cell (Fig. 4.9D) numbers were generally not changed. Similar to what we previously 
observed in naïve mice (Chapter 3), there was a slight decrease in NK cell proportions in SM1WT1 
tumor-bearing Pdcd1-/-CD96-/- and Pdcd1-/- mice (Fig. 4.10C). Interestingly, we observed a decrease 
in the proportion of CD11b+GR-1hi cells only in SM1WT1 tumor-bearing Pdcd1-/-CD96-/- mice, and 
not in WT or the corresponding single gene-targeted mice (Fig. 4.10D). Despite the increase in Tregs, 
we still observed a significant increase in the CD8+ T cell:Treg ratio and CD8+ T cell:CD11b+GR-1hi 
myeloid cell ratio between Pdcd1-/-CD96-/- mice and other control strains of mice (Fig. 4.7C-D, Fig. 
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4.8C-D). In contrast to SM1WT1, no significant differences in the numbers or proportions of 
CD45.2+ cells in MC38 tumor-bearing Pdcd1-/-CD96-/-, Pdcd1-/-, CD96-/- or WT mice were observed 
(Fig. 4.7E, Fig. 4.8E). Compared to WT mice, the number and proportion of CD8+ T cells generally 
increased for Pdcd1-/-CD96-/- and Pdcd1-/- mice, but there were no significant differences between 
these gene-targeted strains of mice (Fig. 4.7F, Fig. 4.8F). Similarly, we observed no major changes 
in CD4+ Teff cell, Treg, NK cell or CD11b+GR-1hi cell numbers (Fig. 4.9E-H) or CD8+ T 
cell:CD11b+GR-1hi cell ratio (Fig. 4.7H, Fig. 4.8H) between Pdcd1-/-CD96-/-, Pdcd1-/-, CD96-/- or WT 
mice. However, we observed an increase in the proportion of CD4+ Teff cells (Fig. 4.10E) and a 
decrease in the proportion of NK cells (Fig. 4.10G) in MC38 tumor-bearing Pdcd1-/-CD96-/- and 
Pdcd1-/- mice. There was also a slight increase in CD8+ T cell:Treg ratio (Fig. 4.7H, Fig. 4.8H) in 
Pdcd1-/-CD96-/- and Pdcd1-/- mice, but there were no significant differences between these two 
genotypes.  
 
We next analyzed end-stage (day 21) TILs from SM1WT1 tumor-bearing mice to assess whether the 
same differences in cell numbers and proportions and in CD8+ T cell:Treg and CD8+ T 
cell:CD11b+GR-1hi ratios between the genotypes observed in early-stage tumors still existed at a later 
stage of tumor growth (Fig.4.11). Indeed, there was a significant increase in CD8+ T cells in both 
Pdcd1-/-CD96-/- and Pdcd1-/- mice and importantly, compared to WT mice, the CD8+ T cell:Treg ratio 
was significantly increased only in Pdcd1-/-CD96-/- mice. 
 
4.3.4 No major differences in the expression of PD-1, TIGIT, CD96 or DNAM-1 on T cells or 
NK cells between SM1WT1 and MC38 tumors. 
In addition to the immune cell population analysis, we also investigated whether the expression of 
PD-1, TIGIT, CD96 or DNAM-1 (Fig. 4.12 - Fig. 4.15) or their ligands PD-L1, PD-L2, CD155 and 
CD112 (Fig. 4.16 - Fig. 4.18) differed between SM1WT1 and MC38 tumors as an explanation for 
the differences in tumor resistances. We first evaluated the expression of PD-1, TIGIT and DNAM-
1 on CD8+ T cells, CD4+ Teff cells, Tregs and NK cells from early-stage SM1WT1 (Fig. 4.12) and 
MC38 tumors (Fig. 4.13). Overall, there were no major differences between the two tumor models. 
The proportion of CD4+ Teff cells, Tregs and NK cells expressing TIGIT was slightly higher in MC38 
(Fig. 4.13B-D) compared to SM1WT1 tumors (Fig. 4.12B-D), while the proportion of Tregs 
expressing DNAM-1 was slightly lower in MC38 (Fig. 4.13C) compared to SM1WT1 tumors (Fig. 
4.12C).  
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We also assessed the expression of PD-1, TIGIT, CD96 and DNAM-1 in end-stage SM1WT1 TILs 
(Fig. 4.14), where we observed an increase in the proportion of TIGIT+ Tregs and a decrease in the 
proportion of DNAM-1+ Tregs (Fig. 4.14C) compared to early stage TILs (Fig. 4.12C). This 
suggested more suppressive Treg phenotype in late-stage tumors. Similar to our observations in naïve 
mice (Chapter 3), the expression of TIGIT and DNAM-1 was generally similar between Pdcd1-/-
CD96-/- and Pdcd1-/- mice (Fig. 4.12 - Fig. 4.14). The proportion of tumor-infiltrating CD8+ T cells 
and CD4+ Teff cells expressing DNAM-1 decreased while the proportion of DNAM-1 expressing NK 
cells increased in the absence of PD-1 in both tumor models. When comparing PD-1, TIGIT, CD96 
and DNAM-1 expression on CD8+ T cells and NK cells only in WT mice from end stage SM1WT1 
and MC38 tumors, we again observed no major differences between the tumor models (Fig. 4.15). 
The most noticeable difference was the level of PD-1 expression on CD8+ T cells obtained in 
SM1WT1 (Fig. 4.15A) compared to MC38 tumors (Fig. 4.15B) (50% vs 80%) which most likely 
reflects the more immunogenic nature of MC38 tumors compared to SM1WT1 tumors, and their 
greater CD8+ T cell response. 
 
4.3.5 Higher expression of PD-1 ligands in MC38 compared to SM1WT1 tumors. 
Next, the expression of CD155, PD-L1, PD-L2 and CD112 in SM1WT1 and MC38 tumor cell lines 
and in early-stage tumors was assessed (Fig. 4.16 - Fig. 4.18). In culture, both cell lines expressed 
CD155 at similar levels while PD-L1 expression was higher in MC38 compared to SM1WT1 tumor 
cells (Fig. 4.16). In contrast, no PD-L2 or CD112 expression was detected above the negative controls 
for either cell line. Ex vivo, nearly all tumor cells (defined here as CD45.2- cells) (Fig. 4.17E) and 
tumor-infiltrating CD11b+GR-1+ (Fig. 4.17C) and CD11b+GR-1- myeloid cells (Fig. 4.17D) 
expressed CD155 in both tumor models. The proportion of CD8+ T cells (Fig. 4.17A) and CD4+ T 
cells (Fig. 4.17B) expressing CD155 was higher in MC38 compared to SM1WT1 tumors. Based on 
median fluorescence intensity (MFI), the expression level of CD155 was higher on tumor cells (Fig. 
4.18E) and myeloid cells (Fig. 4.18C, D) but lower on T cells (Fig. 4.18A, B) in MC38 compared to 
SM1WT1 tumors. The proportion of lymphoid or myeloid cells or tumor cells that expressed PD-L1 
was higher in MC38 compared to SM1WT1 tumors (Fig. 4.17). Also the expression level of PD-L1 
was higher on all cell populations in MC38 compared to SM1WT1 tumors (Fig. 4.18A, C-E), except 
on CD4+ T cells (Fig. 4.18B). Similar to PD-L1, PD-L2 expression was higher in myeloid cells in 
MC38 tumors compared to SM1WT1 tumors (Fig. 4.17C, D and Fig. 4.18C, D). Interestingly, an 
increased proportion of CD11b+GR-1- cells (Fig. 4.17D), compared to CD11b+GR1+ myeloid cells 
(Fig. 4.17C) expressed PD-L2 in both tumor models. The expression of CD112 was also assessed, 
but we did not detect any expression above isotype control (data not shown).  
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4.3.6 Increase in Ki67+ CD8+ T cells in SM1WT1 tumor-bearing Pdcd1-/-CD96-/- and Pdcd1-/- 
mice is limited to the tumor microenvironment.  
As described previously, only minor differences in T cell and NK cell cytokine production were 
observed between naïve Pdcd1-/-CD96-/-, Pdcd1-/-, CD96-/- and WT mice (Chapter 3). We next 
investigated whether more significant differences between the genotypes in T cell cytokine 
production could be observed from TILs derived from SM1WT1 tumors (Fig. 4.19, Fig. 4.20). In 
addition, we assessed whether SM1WT1 tumor-induced immune cell activation might exacerbate 
autoimmunity development in Pdcd1-/- and Pdcd1-/-CD96-/- mice (Fig. 4.21, Fig. 4.22). At the end-
stage (day 21) of tumor growth, mice were sacrificed, tumors and spleens harvested and single cell 
suspensions generated. Cells were then stimulated with PMA-ionomycin for 4 hours followed by 
FACS analyses. Similar to what we observed in the naïve setting, there were no significant differences 
in tumor-infiltrating IFNγ+ or TNFα+ single-positive or IFNγ+TNFα+ double-positive CD8+ or CD4+ 
T cells derived from tumor-bearing Pdcd1-/-CD96-/-, Pdcd1-/-, CD96-/- or WT mice (Fig. 4.19). In the 
spleen, the proportion of IFNγ and particularly TNFα expressing CD8+ and CD4+ T cells was 
considerably higher (Fig. 4.20A-B) compared to tumor-infiltrating T cells (Fig. 4.19), suggesting T 
cells in the tumor microenvironment being more dysfunctional. A small increase in IFNγ+ and 
IFNγ+TNFα+ cells was observed among CD4+ T cells derived from Pdcd1-/- and Pdcd1-/-CD96-/- mice 
compared to WT mice (Fig. 4.20B) while there was no differences in the proportions of CD8+ T cells 
producing IFNγ and TNFα across the genotypes (Fig. 4.20A). Interestingly, we observed an increase 
in the proportion of TNFα producing NK cells in the spleens of CD96-/- and particularly in Pdcd1-/-
CD96-/- mice (Fig. 4.20C).  
In the same experiment, the overall proportions of CD8+ and CD4+ T cells and their proliferative 
capacity based on Ki67 expression amongst TILs and splenocytes was assessed (Fig. 4.21). 
Interestingly, we observed an increase in CD8+ T cells in tumors from Pdcd1-/- and Pdcd1-/-CD96-/- 
mice (Fig. 4.21A), but not in the spleen (Fig. 4.21B). Furthermore, a greater proportion of tumor-
infiltrating CD8+ T cells from both Pdcd1-/- and Pdcd1-/-CD96-/- mice expressed Ki67 compared to 
WT mice (Fig. 4.21A), while no such differences were observed in the spleen (Fig. 4.21B). 
Representative FACS dot plots of tumor-infiltrating and splenic T cells expressing Ki67 are shown 
in Suppl. Fig. 5.   
 
Finally, livers were also harvested in the same experiment, fixed and stained with H&E (Fig. 4.22). 
Livers were chosen since we previously demonstrated that aged Pdcd1-/- and Pdcd1-/-CD96-/- mice 
displayed an increase in immune cell infiltration in liver compared to WT mice (Chapter 3). 
However, no increase in histological liver score was detected in young SM1WT1 tumor-bearing 
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Pdcd1-/- or Pdcd1-/-CD96-/- mice compared to WT mice suggesting that tumor induced immune cell 
activation causes no increase in autoimmunity development in Pdcd1-/- or Pdcd1-/-CD96-/- mice.  
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Fig. 4.1 SM1WT1 and MC38 tumor growth rates and rejections rates in WT, Pdcd1-/-CD96-/- 
and the corresponding single gene-targeted mice.    
Groups of C57BL/6 WT or gene-targeted mice (n=5-9/group) were injected s.c with either (A) 1 × 
106 SM1WT1 melanoma or (C) 1 × 106 MC38 colon carcinoma cells. Tumor sizes were determined 
with caliper square measurements with data represented as mean ± SEM. Data representative of three 
independent experiments. Proportion and number of mice from the indicated genotype that rejected 
(B) SM1WT1 or (D) MC38 tumors are shown. Data in (B, D) pooled from three independent 
experiments. Statistical differences in tumor sizes at (A) day 21 or (C) day 19 between different 
genotypes were determined by one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05, 
***p<0.001). (B, D) Pairwise comparison of complete response rates between Pdcd1-/-CD96-/- and 
Pdcd1-/-mice was performed using Fisher’s exact test (****: p<0.0001).  
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Fig. 4.2 Pooled SM1WT1 and MC38 growth curves and SM1WT1 tumor weights in WT, Pdcd1-
/-CD96-/- and the corresponding single gene-targeted mice.  
Groups of C57BL6 WT or gene-targeted mice (n=5-9/group) were injected s.c with either (A) 1 × 106 
SM1WT1 melanoma or (C) 1 × 106 MC38 colon carcinoma cells.  Growth curve data were pooled 
from three independent experiments for both (A) SM1WT1 and (C) MC38 tumor models and 
represented using random effects repeated measures regression. Note: regression curves are fit to 
square-root of tumor size, but plotted on original scale (mm2); Data in Fig. 4.1 are included in this 
analysis. (B) Weights of tumors were determined from the indicated WT or gene-targeted mice 
bearing SM1WT1 tumors when they were euthanized at day 21. Data pooled from three individual 
experiments from (A) and presented as mean ± SEM with each symbol representing an individual 
mouse. Statistical differences (A, C) between curves were determined by using pair-wise 
comparisons (****p<0.0001) or (B) between different genotypes by one-way ANOVA with 
Bonferroni’s post-test analysis (***p<0.001, ****p<0.0001).  
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Fig. 4.3 MCA1956 and AT3 tumor growth curves and rejections rates in WT, Pdcd1-/-CD96-/- 
and the corresponding single gene-targeted mice. 
Groups of C57BL/6 WT or gene-targeted mice (n=4-8/group) were injected s.c with either (A) 1 × 
106 MCA1956 fibrosarcoma or (C) 5 × 105 AT3 mammary carcinoma cells. Tumor sizes were 
determined with caliper square measurements with data represented as mean ± SEM. Data 
representative of (A) three or (C) four independent experiments. Proportion and number of mice from 
the indicated genotype that rejected (B) MCA1956 or (D) AT3 tumors are shown. Data pooled from 
(B) three or (D) four independent experiments. Statistical differences in tumor sizes at (A) day 18 or 
(C) day 42 between different genotypes were determined by one-way ANOVA with Bonferroni’s 
post-test analysis (*p<0.05). (B, D) Pairwise comparison of complete response rates between Pdcd1-
/-CD96-/- and Pdcd1-/-mice was performed using Fisher’s exact test (**: p<0.01).  
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Fig. 4.4 SM1WT1, MC38 and AT3 tumor growth curves in WT, Tigit-/-CD96-/- and the 
corresponding single gene-targeted mice.  
Groups of C57BL/6 WT or gene-targeted mice (n=5-10/group) were injected s.c with either (A) 1 × 
106 SM1WT1 melanoma, (B) 1 × 106 MC38 colon carcinoma or (C) 1 × 106 AT3 mammary 
carcinoma cells. Tumor sizes were determined with caliper square measurements with data 
represented as mean ± SEM. Data representative of (A) three, (B) two or (C) four independent 
experiments. Statistical differences in tumor sizes at (A, B) day 21 or (C) day 33 between different 
genotypes were determined by one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05).  
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Fig. 4.5 Pooled SM1WT1 and MC38 tumor growth curves in WT, Tigit-/-CD96-/- and the 
corresponding single gene-targeted mice.  
Groups of C57BL6 WT or gene-targeted mice (n=5-9/group) were injected s.c with either (A) 1 × 106 
SM1WT1 melanoma or (B) 1 × 106 MC38 colon carcinoma cells. Growth curve data pooled from 
three independent experiments for (A) SM1WT1 or from two independent experiments for (B) MC38 
tumor models and represented by using random effects repeated measures regression. The regression 
curves were fitted to square-root of tumor size, but plotted on original scale (mm2). The same 
SM1WT1 tumor-bearing WT and CD96-/- mice shown in Fig. 4.1A and Fig 4.2A are included in this 
analysis (A). Data in Fig. 4.4A and B are included in this analysis (A, B). Statistical differences 
between curves were determined by using pair-wise comparisons (***p<0.001, ****p<0.0001).  
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Fig. 4.6 Effects of CD8+ T cells, NK cells and IFNγ on SM1WT1 tumor growth in WT and 
Pdcd1-/-CD96-/- mice.  
Groups of C57BL/6 WT and Pdcd1-/-CD96-/- mice (n=7-9/group) were injected s.c with 1 × 106 
SM1WT1 melanoma cells on day 0. Some groups of mice were treated i.p on days -1, 0, 7 and 14 
with either (A) anti-CD8β or cIg (each 100 µg/mouse) or (B) anti-asialoGM-1 (anti-asGM-1) or cIg 
(each 50 µg/mouse) or (C) anti-IFNγ or cIg (each 250 µg/mouse). Tumor sizes were determined with 
caliper square measurements with data represented as mean ± SEM. Experiments were all performed 
once. Significant differences between tumor sizes at day (A) 18, (B) 19 and (C) 16 were determined 
by one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05; **p<0.01; ***p<0.001; ****: 
p<0.0001).  
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Fig. 4.7 Numbers of CD45.2+ and CD8+ T cells, and CD8+ T cell to Treg or CD11b+GR-1hi 
myeloid cell ratios in SM1WT1 or MC38 tumor-bearing WT, Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice. 
Groups of C57BL/6 WT and gene-targeted mice (n=6-8/group) were injected s.c with either (A-D) 1 
× 106 SM1WT1 melanoma or (E-H) 1 × 106 MC38 colon carcinoma cells. On day 8 following tumor 
inoculation, tumors were harvested and single cell suspensions generated and were analysed by flow 
cytometry, gating on live CD45.2+ cells of leukocyte morphology. The number of live CD45.2+ cells 
(A, E) or CD8+ T cells (TCRβ+CD8α+)(B, F) are shown. Cell numbers are represented as per gram 
(g) of tumor. Data representative of two experiments for (A, B) while experiment was performed once 
for (E-H). The CD8:Treg (C) and CD8:CD11b+GR-1hi (D) ratios in SM1WT1 tumors are pooled 
from two independent experiments. Data presented as mean ± SEM with each symbol representing 
an individual mouse. Statistical differences between different genotypes were determined by one-way 
ANOVA with Bonferroni’s post-test analysis (*p<0.05, **p<0.01; ***p<0.001; ****p<0.0001).  
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Fig. 4.8 Proportions of CD45.2+ and CD8+ T cells, and CD8+ T cell to Treg or CD11b+GR-1hi 
myeloid cell ratios in SM1WT1 or MC38 tumor-bearing WT, Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice.  
From the same experiment as Fig. 4.7, the proportion of (A, E) live CD45.2+ (%) amongst total 
leukocytes and (B, F) CD8+ T cells (TCRβ+CD8α+) amongst live CD45.2+ population in (A-D) 
SM1WT1 or (E-H) in MC38 tumor-bearing C57BL/6 WT or gene-targeted mice (n=7-8/group) was 
determined. (C, G) Data representative of two experiments for (A, B) while experiment was 
performed once for (E-H). The CD8:Treg (C) and CD8:CD11b+GR-1hi (D) ratios in SM1WT1 tumors 
are pooled from two independent experiments. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences in cell proportions between different 
genotypes were determined by one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001).  
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Fig. 4.9 Numbers of CD4+ Teff cells, Tregs, NK cells and CD11b+GR-1hi myeloid cells in 
SM1WT1 or MC38 tumor-bearing WT, Pdcd1-/-CD96-/- and the corresponding single gene-
targeted mice.  
From the same experiment as Fig. 4.7 and Fig. 4.8, the number of CD4+ Teff cells 
(TCRβ+CD4+Foxp3-) (A, E), Tregs (TCRβ+CD4+Foxp3+)(B, F), NK cells (TCRβ-NK1.1+)(C, G) and 
CD11b+GR-1hi cells (D, H) in SM1WT1 (A-D) or MC38 (E-H) tumor-bearing C57BL/6 WT or gene-
targeted mice (n=6-8/group) was determined. The cell numbers are represented as per gram (g) of 
tumor. Data presented as mean ± SEM with each symbol representing an individual mouse. Statistical 
differences in cell proportions between different genotypes were determined by one-way ANOVA 
with Bonferroni’s post-test analysis (*<0.05, ***p<0.001). Data representative of two experiments 
for SM1WT1 while experiment was performed once for MC38.  
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Fig. 4.10 Proportions of CD4+ Teff cells, Tregs, NK cells and CD11b+GR-1hi myeloid cells in 
SM1WT1 or MC38 tumor-bearing WT, Pdcd1-/-CD96-/- and the corresponding single gene-
targeted mice.  
From the same experiment as Fig. 4.7 - Fig. 4.9, the proportion of CD4+ Teff cells 
(TCRβ+CD4+Foxp3-) (A, E), Tregs (TCRβ+CD4+Foxp3+)(B, F), NK cells (TCRβ-NK1.1+)(C, G) and 
CD11b+GR-1hi cells (D, H) amongst live CD45.2+ population in (A-D) SM1WT1 or (E-H) in MC38 
tumor-bearing C57BL/6 WT or gene-targeted mice (n=7-8/group) was determined. Data presented as 
mean ± SEM with each symbol representing an individual mouse. Statistical differences in cell 
proportions between different genotypes were determined by one-way ANOVA with Bonferroni’s 
post-test analysis (**p<0.01, ***p<0.001, ****p<0.0001). Data representative of two experiments 
for SM1WT1 while experiment was performed once for MC38.  
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Fig. 4.11 Numbers and proportions of leukocyte populations in end-stage SM1WT1 tumor-
bearing WT, Pdcd1-/-CD96-/- and the corresponding single gene-targeted mice.  
Groups of C57BL/6 WT and gene-targeted mice (n=7-8/group) were injected s.c with 1 × 106 
SM1WT1 melanoma cells. On day 21 following tumor inoculation, tumors were harvested and single 
cell suspensions generated and were analysed by flow cytometry, gating on live CD45.2+ cells of 
leukocyte morphology. The numbers and proportions of live CD45.2+ cells amongst total leukocytes 
(A), CD8+ T cells (TCRβ+CD8α+)(B), CD4+ Teff cells (TCRβ+CD4+Foxp3-)(E), Tregs 
(TCRβ+CD4+Foxp3+)(F), NK cells (TCRβ-NK1.1+)(G) and CD11b+GR-1hi cells (H) amongst live 
CD45.2+ population and the CD8:Treg (C) and CD8:CD11b+GR-1hi (D) ratios are shown. Cell 
numbers are represented as per gram (g) of tumor. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences between different genotypes were 
determined by one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05, **p<0.01; 
***p<0.001; ****p<0.0001). Experiment was performed once.  
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Fig. 4.12 Expression of PD-1, TIGIT and DNAM-1 on SM1WT1 tumor-infiltrating T cells and 
NK cells in WT, Pdcd1-/- CD96-/- and the corresponding single gene-targeted mice.  
Groups of C57BL/6 WT and gene-targeted mice (n=8/group) were injected s.c with 1 × 106 SM1WT1 
melanoma cells. On day 8 following tumor inoculation, tumors were harvested and single cell 
suspensions generated and were analysed by flow cytometry, gating on live CD45.2+ cells of 
leukocyte morphology. The proportions of (A) CD8+ T cells (TCRβ+CD8α+), (B) CD4+ Teff 
(TCRβ+CD4+Foxp3-), (C) Tregs (TCRβ+CD4+Foxp3+) and (D) NK cells (TCRβ-NK1.1+) expressing 
PD-1, TIGIT or DNAM-1 was determined. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences between multiple or two genotypes were 
determined by one-way ANOVA with Bonferroni’s post-test analysis or by Mann-Whitney test, 
respectively (*: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001). Data pooled from two 
independent experiments.  
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Fig. 4.13 Expression of PD-1, TIGIT and DNAM-1 on MC38 tumor-infiltrating T cells and NK 
cells in WT, Pdcd1-/- CD96-/- and the corresponding single gene-targeted mice.  
Groups of C57BL/6 WT and gene-targeted mice (n=7-8/group) were injected s.c with 1 × 106 MC38 
colon carcinoma cells. On day 8 following tumor inoculation, tumors were harvested and single cell 
suspensions generated and were analysed by flow cytometry, gating on live CD45.2+ cells of 
leukocyte morphology. The proportions of (A) CD8+ T cells (TCRβ+CD8α+), (B) CD4+ Teff 
(TCRβ+CD4+Foxp3-), (C) Tregs (TCRβ+CD4+Foxp3+) and (D) NK cells (TCRβ-NK1.1+) expressing 
PD-1, TIGIT or DNAM-1 was determined. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences between multiple or two genotypes were 
determined by one-way ANOVA with Bonferroni’s post-test analysis or by Mann-Whitney test, 
respectively (*: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001). Experiment was performed once.  
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Fig. 4.14 Expression of PD-1, TIGIT, CD96 and DNAM-1 on T cells and NK cells in end-stage 
SM1WT1 tumor-bearing WT, Pdcd1-/- CD96-/- and the corresponding single gene-targeted mice.  
Groups of C57BL/6 WT and gene-targeted mice (n=8/group) were injected s.c with 1 × 106 SM1WT1 
melanoma cells. On day 21 following tumor inoculation, tumors were harvested and single cell 
suspensions generated and were analysed by flow cytometry, gating on live CD45.2+ cells of 
leukocyte morphology. The proportions of (A) CD8+ T cells (TCRβ+CD8α+), (B) CD4+ Teff 
(TCRβ+CD4+Foxp3-), (C) Tregs (TCRβ+CD4+Foxp3+) and (D) NK cells (TCRβ-NK1.1+) expressing 
PD-1, TIGIT, CD96 or DNAM-1 was determined. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences between multiple or two genotypes were 
determined by one-way ANOVA with Bonferroni’s post-test analysis or by Mann-Whitney test, 
respectively (*: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001). Experiment was performed once.  
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Fig. 4.15 Expression of PD-1, TIGIT, CD96 and DNAM-1 on CD8+ T cells and NK cells in end-
stage SM1WT1 or MC38 tumor-bearing WT mice.  
Groups of C57BL/6 WT mice were injected s.c with either (A, C) 1 × 106 SM1WT1 melanoma or 
(B, D) 1 × 106 MC38 colon carcinoma cells. On day 21 (A, C) or day 20 (B, D) following tumor 
inoculation, tumors were harvested and single cell suspensions generated and were analysed by flow 
cytometry, gating on live CD45.2+ cells of leukocyte morphology. The proportions of (A, B) CD8+ T 
cells (TCRβ+CD8α+) and (C, D) NK cells (TCRβ-NK1.1+) expressing PD-1, TIGIT, CD96 or DNAM-
1 was determined. Data presented as mean ± SEM with each symbol representing an individual 
mouse. Data shown as n=8 mice/group from a single experiment (A, C) or pooled from two 
independent experiments (B, D). The same SM1WT1 tumor-bearing WT mice shown in Fig. 4.14 are 
included in this analysis.  
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Fig. 4.16 Expression of CD155, PD-L1, PD-L2 and CD112 on SM1WT1 or MC38 tumor cells.  
(A) SM1WT1 melanoma and (B) MC38 colon carcinoma cell lines were cultured under standard 
conditions for 48 h before cells were removed from culture and expression of CD155, PD-L1, PD-L2 
and CD112 determined by flow cytometry. Data presented as histograms with samples highlighted 
with light grey and negative controls (isotype control or FMO) with dark grey. Experiment was 
performed once.  
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Fig. 4.17 Expression of CD155, PD-L1 and PD-L2 in SM1WT1 or MC38 tumors.  
C57BL/6 WT mice (n=5/group) were injected s.c with either 1 × 106 SM1WT1 or 1 × 106 MC38 
cells. On day 8 following tumor inoculation, tumors were harvested and single cell suspensions 
generated and analysed by flow cytometry, gating either on live CD45.2+ or CD45.2- cells. The 
proportions of (A) CD8+ T cells (TCRβ+CD8α+), (B) CD4+ T cells (TCRβ+CD4+), (C) CD11b+GR-
1+ (consisting of both CD11b+GR-1hi and CD11b+GR-1int cells), (D) CD11b+GR-1- and (E) CD45.2- 
cells expressing CD155, PD-L1 or PD-L2 was determined. Data presented as mean ± SEM with each 
symbol representing an individual mouse. Either isotype or FMO was used as a negative control. 
Statistical differences between two groups were determined by Mann-Whitney (*p <0.05, **p <0.01). 
Experiment was performed once.  
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Fig. 4.18 Expression levels of CD155, PD-L1 and PD-L2 in SM1WT1 or MC38 tumors.  
From the same experiment as in Fig. 4.17, median fluorescence intensity (MFI) was determined for 
(A) CD8+ T cells (TCRβ+CD8α+), (B) CD4+ T cells (TCRβ+CD4+), (C) CD11b+GR-1+ (consisting of 
both CD11b+GR-1hi and CD11b+GR-1int) cells, (D) CD11b+GR-1- cells and (E) CD45.2- cells 
expressing CD155, PD-L1 or PD-L2. Data presented as mean ± SEM. Statistical differences between 
two groups were determined by Mann-Whitney (*p <0.05, **p <0.01). Experiment was performed 
once.  
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Fig. 4.19 IFNγ and/or TNFα production in tumor-infiltrating CD8+ and CD4+ T cells isolated 
from end-stage SM1WT1 tumor-bearing WT, Pdcd1-/- CD96-/- and the corresponding single 
gene-targeted mice.  
Groups of C57BL/6 WT and gene-targeted mice (n=3-6/group) were injected s.c with 1 × 106 
SM1WT1 melanoma cells. On day 21 following tumor inoculation, tumors were harvested and single 
cell suspensions generated. Cells were cultured for 4 h in the presence of PMA-ionomycin + brefeldin 
A + monensin and the proportions of (A) CD8+ T cells (TCRβ+CD8α+) and (B) CD4+ T cells 
(TCRβ+CD4+) expressing IFNγ and/or TNFα were analysed by flow cytometry, gating on live 
CD45.2+ cells of leukocyte morphology. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences between the genotypes were determined by 
one-way ANOVA with Bonferroni’s post-test analysis. Data pooled from two independent 
experiments. Each experiment contained only one representative unstimulated tumor sample per 
genotype. 
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Fig. 4.20 IFNγ and/or TNFα production in splenic CD8+ and CD4+ T cells and NK cells isolated 
from end-stage SM1WT1 tumor-bearing WT, Pdcd1-/- CD96-/- and the corresponding single 
gene-targeted mice.  
From the same experiment as Fig 4.19, spleens were harvested and single cell suspensions generated. 
Splenocytes were cultured for 4 h in the presence of PMA-ionomycin + brefeldin A + monensin and 
the proportion of (A) CD8+ T cells (TCRβ+CD8α+), (B) CD4+ T cells (TCRβ+CD4+) or (C) NK cells 
(TCRβ-NK1.1+) expressing IFNγ and/or TNFα were analysed by flow cytometry, gating on live 
CD45.2+ cells of leukocyte morphology. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences between the genotypes were determined by 
one-way ANOVA with Bonferroni’s post-test analysis (*p <0.05, **p <0.01). Data pooled from two 
independent experiments. One experiment contained only one representative unstimulated spleen per 
genotype.  
 
 
 
 
 
 
 
 
207 
 
 
Fig. 4.21 Proportions of tumor-infitrating and splenic CD8+ and CD4+ T cells and NK cells and 
their proliferative capacities in end-stage SM1WT1 tumor-bearing WT, Pdcd1-/-CD96-/- and the 
corresponding single gene-targeted mice.  
From the same experiment as Fig. 4.19 and Fig. 4.20, the proportions  of (A) tumor-infiltrating CD8+ 
T cells (TCRβ+CD8α+), Ki67+ CD8+ T cells, CD4+ T cells (TCRβ+CD4+) and Ki67+ CD4+ T cells or 
(B) splenic CD8+ T cells (TCRβ+CD8α+), Ki67+ CD8+ T cells, CD4+ T cells (TCRβ+CD4+), Ki67+ 
CD4+ T cells, NK cells (TCRβ-NK1.1+) and Ki67+ NK cells were determined by flow cytometry 
following 4h PMA-ionomycin + brefeldin A + monensin stimulation. Data presented as mean ± SEM 
with each symbol representing an individual mouse. Statistical differences between the genotypes 
were determined by one-way ANOVA with Bonferroni’s post-test analysis (*p <0.05, **p <0.01, 
****p <0.0001). Data pooled from two independent experiments.  
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Fig. 4.22 Histological liver scores of end-stage SM1WT1 tumor-bearing WT, Pdcd1-/-CD96-/- and 
the corresponding single gene-targeted mice. 
From the mice in one of the experiments in Fig. 4.19 - Fig. 4.21, livers were harvested, fixed and 
stained with H&E. Level of immune cell infiltration in livers presented as histological liver score (A). 
Representative images of organs shown (scale bar 200 µm) (B). Data presented as mean ± SEM with 
each symbol representing an individual mouse (A). Experiment was performed once.  
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4.4 Discussion 
Given that there are multiple immune suppressive pathways operating in tumor microenvironments, 
the key aim for the field of cancer immunotherapy is to target multiple pathways simultaneously. 
Identifying novel immune checkpoint receptors that synergize with PD-1 blockade without increasing 
irAEs is of strong interest in the field of tumor immunology. In Chapter 3, we demonstrated that 
Pdcd1-/-CD96-/- or Tigit-/-CD96-/- mice that were aged for 22 months did not develop increased 
autoimmunity or pathology beyond that observed in aged-matched Pdcd1-/-, Tigit-/- or CD96-/- mice 
suggesting the potential safety of co-targeting CD96 in combination with PD-1 or TIGIT. Here, we 
demonstrated increased anti-tumor immunity and tumor resistance in Pdcd1-/-CD96-/- mice. This 
enhanced resistance to subcutaneous tumor growth was prominent in the anti-PD-1 mAb-insensitive 
SM1WT1 melanoma and was most likely due to increased CD8+ T cell:Treg and CD8+ T 
cell:CD11b+GR-1hi myeloid cell ratios.  
 
Mice that lacked PD-1 and CD96 displayed better growth suppression of SM1WT1 subcutaneous 
melanomas compared to mice that lacked PD-1 alone.  This was also supported by a higher complete 
rejection response rate observed in Pdcd1-/-CD96-/- compared with Pdcd1-/- mice. In TILs generated 
from SM1WT1 tumor-bearing Pdcd1-/-CD96-/-mice, we observed a significant increase in CD8+ T 
cells compared to TILs generated from WT, Pdcd1-/- or CD96-/- mice. This resulted in an increased 
ratio of CD8+ T cells to Tregs or CD11b+GR-1hi myeloid cells, and potentially contributed to their 
enhanced tumor resistance in Pdcd1-/-CD96-/- mice. Clinically, CD8+ T cell to Treg ratio has been 
associated with favorable prognosis in several different malignancies458, 459 and in pre-clinical studies 
it has correlated with increased rate of tumor rejections460, 461. In addition, in the TILs of SM1WT1 
tumor-bearing Pdcd1-/-CD96-/- or Pdcd1-/- mice, CD4+ Teff cells significantly increased compared to 
tumors from WT mice. Similarly, a trend for an increase in NK cell numbers was also observed in 
both SM1WT1 tumor-bearing Pdcd1-/-CD96-/- and CD96-/- mice. Furthermore, splenic NK cells 
showed increased TNFα production in Pdcd1-/-CD96-/- and CD96-/- mice bearing SM1WT1 tumors. 
It would be of interest to assess if this increase is also observed in tumor-infiltrating NK cells. 
However, the loss of host PD-1 and CD96 did not further improve growth suppression of MC38 
subcutaneous tumors compared to mice that lacked PD-1 alone. One explanation may be the effector 
cell type(s) that are present in each of the tumor microenvironment that are critical in controlling 
tumor growth and the hierarchy of dominance and redundancy mediated by various immune 
checkpoint receptors and their ligands. In MC38 tumors, CD8+ T cells were the main effector cell 
type controlling subcutaneous tumor growth455 and the PD-1/PD-L1 axis has been shown to be the 
dominant pathway suppressing CD8+ T cells462. Furthermore, our results showing the high expression 
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of PD-L1 in MC38 tumors further supports PD-1/PD-L1 being the main immune suppressive pathway 
in this tumor setting. Maximal tumor suppression may already be occurring in the MC38 tumor model 
in Pdcd1-/- mice with no further efficacy seen with loss of CD96 as NK cells generally did not express 
PD-1 and were not involved in control of this tumor. In contrast, both CD8+ T cells and NK cells play 
a role in the control of SM1WT1 tumors456, 457 and their effector function can be suppressed by PD-
L1 and CD155, respectively. Another tumor model where Pdcd1-/-CD96-/- mice showed enhanced 
tumor control compared to WT, Pdcd1-/- or CD96-/- mice was the MCA1956 fibrosarcoma. This tumor 
has also been shown to be controlled by both CD8+ T cells and NK cells463 suggesting that co-
targeting PD-1 and CD96 may be most efficacious in suppressing growth of subcutaneous tumors 
where NK cells are crucial. 
 
Similarly, an explanation for why loss of TIGIT and CD96 did not seem to impact greatly on either 
SM1WT1 or MC38 tumor growth is likely due to the dominance of the PD-1/PD-L1 axis in the 
suppression of effector functions on T cells in these tumors. Nevertheless, previous studies have also 
demonstrated that antibody co-targeting of TIGIT and PD-1/PD-L1 can synergistically suppress 
subcutaneous tumor growth210, 217, 218 and future experiments could aim to treat tumor-bearing Tigit-/-
CD96-/- mice with anti-PD-1 mAbs to determine if any inhibitory effect of CD96 on T cells can be 
unmasked. Finally, given the previous study demonstrating that anti-CD96 mAb-treated Tigit-/- mice 
displayed further reduction in lung metastases compared to anti-CD96 mAb-treated WT mice181, co-
targeting of CD96 and TIGIT as a combination may be more useful in the treatment of metastases or 
haematological malignancies where NK cells are critical for control.  
 
In Chapter 3, we observed a change in TIGIT and DNAM-1 expression in naïve Pdcd1-/- and Pdcd1-
/-CD96-/- mice compared to WT mice. Interestingly, a change in the expression of DNAM-1 was also 
observed in tumor-bearing Pdcd1-/- and Pdcd1-/-CD96-/- mice. A recent study by Wang et al. described 
an increase in DNAM-1 expression on CD8+ T cells in tumor-bearing mice following PD-1 
blockade464. By contrast, we observed a decrease rather than an increase in DNAM-1 expressing 
CD8+ T cells in the absence of PD-1. This discrepancy might represent the differences between 
transient PD-1 blockade and total loss of PD-1. In addition, the upregulation of DNAM-1 was only 
observed on tumor-antigen-specific CD8+ T cells464 while we assessed the CD8+ T cell population as 
a whole. However, we did observe an increase in DNAM-1 expressing NK cells in the absence of 
PD-1 and this phenomenon was only evident among tumor-infiltrating NK cells but not in the spleen 
or lung of naïve mice. It would of interest to investigate the effects of long-term PD-1 blockade on 
DNAM-1 expression on different cell populations, including tumor-specific T cells.   
 
211 
 
Overall, these studies suggest the potential safety of co-targeting PD-1 and CD96 or TIGIT and CD96 
and future experiments will aim to determine in which tumor microenvironment these respective 
combination therapies will be most effective. 
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Chapter Five 
 
Assessing the effects of targeting TIGIT  
in multiple myeloma 
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5.1 Abstract 
Immune-based therapies hold promise for the treatment of multiple myeloma (MM), but so far 
immune checkpoint therapy targeting PD-1 has not proven effective as a single agent in this disease. 
TIGIT is another immune checkpoint receptor expressed on T cells and NK cells known to negatively 
regulate effector cell function. Here, we investigated the therapeutic potential of targeting TIGIT to 
enhance immune responses against MM. In both mice and humans, we observed that MM progression 
was associated with high levels of TIGIT expression on CD8+ T cells. Further, TIGIT+ CD8+ T cells 
from MM patients exhibited a dysfunctional phenotype, characterized by decreased proliferation and 
inability to produce cytokines in response to anti-CD3/anti-CD28 mAb or myeloma antigen 
stimulation. Moreover, when challenged with two different mouse MM cell lines, TIGIT-deficient 
mice showed decreased serum M-protein levels associated with reduced tumor burden and prolonged 
survival, indicating that TIGIT limits anti-myeloma immune responses. Importantly, blocking TIGIT 
using mAbs increased the effector function of MM patient CD8+ T cells and protected mice against 
MM. Altogether this data provide evidence for an immune-inhibitory role of TIGIT in MM and 
support the development of TIGIT-blocking strategies for the treatment of MM patients.   
 
5.2. Introduction 
Multiple myeloma (MM) is the second most common haematological malignancy accounting for 10% 
of all haematological cancers293, 465. It is a cancer of the BM that is caused by malignant, terminally 
differentiated PCs. In later stages of the disease, it may spread from the BM to peripheral blood and 
other organs296. In most cases, the malignant PCs secrete monoclonal Ig-proteins (M-proteins) that 
can be detected in blood or urine293. The neoplastic cells and the M-proteins and cytokines secreted 
by the malignant cells drive the clinical symptoms of the disease. These symptoms include 
hypercalcemia, renal insufficiency, anemia and bone disease characterized as lytic lesions or 
pathological fractures294. Several genetic alterations and chomosomal changes, particularly the ones 
involving genes encoding for Ig heavy chains have been identified to promote MM development298. 
However, it has become increasingly evident that also the interactions between MM cells and the host 
immune system play a role in disease progression296. Indeed, both increased immune suppression and 
immune cell dysfunction has been shown to be involved in MM development342, 466, 467.  In addition, 
the anti-myeloma effects and thus the clinical use of IMiDs such as lenalidomide and thalidomide 
further support the essential role of immune system in the course of MM progression368, 468, 469.  
 
215 
 
Despite the improvements in therapies, MM is still largely considered to be an incurable disease377. 
The current treatments are mostly based on different combinations of ASCT, proteasome inhibitors, 
IMiDs and chemotherapy294, 295.  However, after embracing the fact that immune suppression is one 
hallmark of cancer including in MM, several clinical trials involving novel immunotherapies 
including mAbs such as daratumumab (anti-CD38 mAb) and elotuzumab (anti-SLAMF7 mAb) 
targeting tumor antigens, adoptive cellular therapy (CAR-T cells) and ICB are currently being 
undertaken to treat MM296, 377, 378. The PD-1/PD-L1 pathway appeared as an intriguing target since 
PD-L1 has been demonstrated to be upregulated in malignant PCs391, 392, 393 and the upregulation is 
also associated with increased proliferation of MM cells, resistance to anti-myeloma therapy and 
disease relapse395, 397. In addition, PD-1 expression has been detected in circulating T cells isolated 
from MM patients with advanced disease391. However, as a single agent, Nivolumab (anti-PD-1 
mAb), failed to show efficacy in a cohort of 27 RRMM patients401, indicating that additional immune 
checkpoint pathways might restrain immune responses against MM.      
 
TIGIT is an inhibitory molecule expressed on T cells and NK cells particularly following 
activation187, 222. It competes with the activating receptor DNAM-1 and the inhibitory receptors CD96 
and CD112R for the binding of ligands CD155 and CD112222, 423. TIGIT recently emerged as an 
attractive target for cancer immunotherapy422, 470 and anti-TIGIT mAbs are currently being tested in 
phase I clinical trial in patients with advanced or metastatic tumors (NCT02794571). Interestingly, 
the expression of CD155 and CD112 have been shown to be upregulated in malignant PCs compared 
to healthy cells471 and the expression can be further increased on MM cells following anti-myeloma 
therapy337, 472. Furthermore, since DNAM-1 pathway has been demonstrated to play an essential role 
in MM control332, 334, TIGIT seems an appealing target in treatment of MM.   
 
In this study, we used Tigit-/- mice to study how total loss of TIGIT affected MM development 
following inoculation of two transplantable Vk*MYC MM cell lines Vk12653 and Vk12598. 
Interestingly, Tigit-/- mice were highly resistant to disease progression compared to WT mice and this 
resistance of Tigit-/- mice to MM was dependent on CD8+ T cells. In addition, TIGIT blockade in WT 
mice, using mouse anti-TIGIT mAbs, also resulted in enhanced survival and decreased tumor burden. 
Finally, we demonstrated that TIGIT was also associated with decreased CD8+ T cell effector 
functions in BM samples from MM patients and that TIGIT blockade was able to reverse the 
dysfunctional phenotype of TIGIT+ CD8+ T cells. 
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5.3. Results 
5.3.1. TIGIT represents a major immunosuppressive pathway in MM.  
Given that TIGIT has been reported to be expressed on TILs in several different human and mouse 
cancers218, 210, we first assessed if this was also the case in mouse MM. C57BL/6 WT mice were 
injected with the Vk12653 MM cell line and the expression of TIGIT was assessed on CD8+ T cells, 
Tregs, CD4+ Teff cells, and NK cells by flow cytometry one, two, three and four weeks post tumor 
inoculation (Fig. 5.1A, C, E, F). Interestingly, TIGIT was undetectable on BM CD8+ T cells in naïve 
mice, but it was induced following challenge with MM and the expression peaked at week four (Fig. 
5.1A). Furthermore, the proportion of TIGIT+ CD8+ T cells correlated with MM tumor burden (Fig. 
5.1B). TIGIT was also expressed on 30-40% of BM Tregs but there was only a minor difference in 
the expression levels between naïve and myeloma-bearing mice (Fig. 5.1C). Further, no correlation 
was observed between the proportion of TIGIT+ Tregs and MM tumor burden (Fig. 5.1D). Only very 
low proportion of CD4+ Teff cells (Fig 5.1E) or NK cells (Fig. 5.1F) expressed TIGIT before or 
during MM challenge. Next, to validate the findings with mouse MM cell line, TIGIT expression was 
assessed on T cells from MM patient BM biopsies (Fig. 5.1G and H). In agreement with a previous 
report473, TIGIT was highly expressed on BM CD8+ T cells (Fig. 5.1G) and moderately on CD4+ T 
cells and NK cells (data not shown). Compared to other inhibitory receptors, PD-1, TIM-3, LAG-3 
and CTLA-4, TIGIT was more frequently expressed on patient CD8+ T cells (Fig. 5.1G) and it was 
preferentially expressed on memory cells (Fig. 5.1H). In addition, TIGIT expression was associated 
with PD-1, CD244 and KLRG1, but no correlation was observed with CD96, CD112R, LAG-3, 
CTLA-4 or TIM-3 (data not shown). 
In AML patients, TIGIT expression on CD8+ T cells has been shown to be associated with 
dysfunctional phenotype with decreased IFNγ, TNFα and IL-2 production and increased 
susceptibility to apoptosis following anti-CD3/anti-CD28 mAb-stimulation220.  In concordance with 
these findings, we observed decreased proportion of TIGIT+ CD8+ T cells producing IFNγ and TNFα 
compared to TIGIT- CD8+ T cells following MM patient CD138- BM cell stimulation with anti-
CD2/anti-CD3/anti-CD28 microbeads (Fig. 5.2A). There was no difference in CD69 expression, but 
TIGIT+ CD8+ T cells also showed decreased killing capacity based on lowered CD107a expression 
compared to TIGIT- CD8+ T cells (Fig. 5.2A). However, in contrast with observations in AML220, 
MM patient TIGIT+ CD8+ T cells also exhibited reduced proliferative capacity (Fig. 5.2B). Similar 
results were obtained when TIGIT+ and TIGIT- CD8+ T cells were sorted prior to stimulation, 
demonstrating that differences were not caused by modulation of TIGIT expression during the assay 
(Fig. 5.2C). Further demonstrating the dysfunctional phenotype of MM patient TIGIT+ CD8+ T cells, 
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these cells produced less TNFα and CD107a upon stimulation with the myeloma antigen NY-ESO-1 
compared to TIGIT- CD8+ T cells (Fig. 5.2D). 
In order to investigate the role of TIGIT in MM pathogenesis in vivo, WT and Tigit-/- mice were 
challenged with Vk12653 MM cells (Fig. 5.3A, B). On week six following tumor inoculation, the 
mice were bled and the level of M-protein was measured in sera (Fig. 5.3A). Tigit-/- mice had 
significantly decreased M-protein levels compared to WT mice and this difference associated with 
improved survival of Tigit-/- mice (Fig. 5.3B). This protective phenotype was confirmed with another 
cell line, Vk12598 (Fig. 5.3C). In this model, the myeloma suppression was even more striking with 
Tigit-/- mice showing significantly increased survival compared to WT mice.  
 
5.3.2 Tigit-/- mice show differences in immune cell populations and in the expression of 
immunomodulatory receptors compared to WT mice.  
Given the significant difference in survivals that were observed between Tigit-/- and WT mice 
following MM challenge, we next assessed if there was something inherently different about the 
immune homeostasis of Tigit-/- mice compared to WT mice responsible of the anti-myeloma effect 
seen in Tigit-/- mice (Fig. 5.4 – Fig. 5.7). Earlier we described Tigit-/- mice displaying no major 
differences in different immune cell populations in spleen and lung compared to WT mice (Chapter 
3). This time the focus was on BM and spleen which are the main organs for mouse Vk*MYC MM 
growth. In concordance with our previous results, there were no differences in the proportions or 
numbers of CD45.2+ hematopoietic cells in the BM or spleen between Tigit-/- and WT mice (Fig. 
5.4.A, B). However, a decrease was observed in different T cell populations in the BM of Tigit-/- 
compared to WT mice (Fig. 5.4C, E, G). In the spleen, there was an increase in T cell populations in 
Tigit-/- mice (Fig. 5.4D, F, H). In addition, a decrease in CD11b+GR-1hi and CD11b+GR-1hiLy6G+ 
myeloid cell proportions and numbers (Fig. 5.5B, D) and an increase in CD11b+GR-1- and 
CD11c+MHCII+ myeloid cell numbers was observed in the spleen of Tigit-/- compared to WT mice 
(Fig. 5.5F, H). No differences were detected in myeloid cell populations in the BM (Fig. 5.5A, C, E, 
G) or in NK cells in the BM or spleen (Fig. 5.4I, J). Although Tigit-/- and WT mice were age and sex 
matched within each experiment, the variations observed in spleen immune cell populations between 
the chapters is most likely due to differences in age and sex of the mice used here (males, 14-18 
weeks) compared to Chapter 3 (females, 8-10 weeks). 
Next, the expression of immunomodulatory receptors in the BM and spleen of Tigit-/- and WT mice 
was assessed (Fig. 5.6, Fig. 5.7). As expected, in naïve conditions, TIGIT expression was very low 
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in both organs with only approximately 5% splenic Tregs expressing TIGIT (Fig. 5.7C). CD96 
expression on the contrary was high on all analysed cell populations in both organs with the highest 
expression being on CD8+ T cells (Fig. 5.6A, Fig. 5.7A). A small but statistically significant increase 
in the proportion of CD8+ T cells and Tregs expressing CD96 was observed in the spleen of Tigit-/- 
mice compared to WT mice (Fig. 5.7A, C). In addition, the proportion of DNAM-1+ cells differed in 
Tigit-/- compared to WT mice. In the BM, the proportion of DNAM-1+ CD4+ Teff cells, Tregs and 
NK cells was increased in Tigit-/- mice (Fig. 5.6.B-D). The proportions of DNAM-1+ CD8+ T cells 
and NK cells were also increased in Tigit-/- mice in the spleen (Fig. 5.7A, D) but the proportion of 
DNAM-1+ CD4+ Teff cells was slightly decreased in the spleen of Tigit-/- mice compared to WT mice 
(Fig. 5.7B). Overall, DNAM-1 expression was high in all analysed cell populations with the highest 
expression being again on CD8+ T cells (Fig. 5.6A, Fig. 5.7A).   
 
5.3.3 The resistance of Tigit-/- mice to MM is dependent on CD8+ T cells and is still observed 
upon DNAM-1 blockade. 
CD8+ T cells have been shown to be crucial immune cells in controlling the development of MM332, 
350. Given that a correlation between TIGIT+ CD8+ T cells and MM tumor burden was observed (Fig. 
5.1B), the impact of CD8+ T cells on the myeloma resistance of Tigit-/- mice was assessed. For this, 
groups of WT and Tigit-/- mice were depleted with CD8+ T cells and then challenged with Vk12653 
MM cell line (Fig. 5.8). Four weeks post MM inoculation the level of M-protein was measured in 
sera (Fig. 5.8A) and the proportion and number of MM cells in the BM (Fig. C, D) and spleen (Fig. 
5.8E, F) was analysed by flow cytometry. Depletion of CD8+ T cells in Tigit-/- mice significantly 
increased M-protein levels (Fig. 5.8A) and tumor burden both in the BM (Fig. 5.8C, D) and spleen 
(Fig. 5.8E, F) compared to Tigit-/- mice with CD8+ T cells demonstrating that CD8+ T cells play a 
crucial role in the protection of Tigit-/- mice against MM. Furthermore, Tigit-/- mice had significantly 
decreased M-protein levels (Fig. 5.8A), spleen weights (Fig. 5.8B) and tumor burden both in the BM 
(Fig. 5.8C, D) and spleen (Fig. 5.8E, F) compared to WT mice confirming the protective phenotype 
of Tigit-/- mice against MM.  
In the same experiment, the proportions and numbers of different immune cell populations were 
assessed to determine how MM affects the populations in the BM and spleen (Fig. 5.9 and Fig. 5.10). 
The proportions and numbers of CD8+ T cells (Fig. 5.9A) and NK cells (Fig. 5.9D) in the BM and 
the proportions and numbers of all T cell populations (Fig. 5.10A-C) and NK cell number (Fig. 
5.10D) in the spleen were higher in cIg-treated Tigit-/- mice compared to cIg-treated WT mice possibly 
reflecting the lower tumor burden in Tigit-/- mice. The proportions and numbers of CD8+ T cells in 
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mice treated with anti-CD8β mAb was negligible verifying the successful depletion of CD8+ T cells 
(Fig. 5.9A and Fig. 5.10A).  
Given that the inhibitory effects of TIGIT on CD8+ T cell functions has been shown to be dependent 
on DNAM-1210, we next assessed the effect of DNAM-1 blockade during Vk12653 MM challenge in 
Tigit-/- and WT mice (Fig. 5.11). For this, anti-DNAM-1 mAb (clone 480.1) which blocks the 
interaction between DNAM-1 and CD155176 was used, and as in the previous experiment, differences 
in tumor growth were determined by measuring the level of M-protein in sera on week four followed 
by flow cytometric analysis of MM tumor cell burden in the BM and spleen. Surprisingly, anti-
DNAM-1 mAb-treated Tigit-/- mice showed significantly reduced M-protein levels (Fig. 5.11A), 
spleen weights (Fig. 5.11B) and tumor burden both in the BM (Fig. 5.11C, D) and spleen (Fig. 5.11E, 
F) compared to anti-DNAM-1 mAb-treated WT mice indicating that TIGIT deficiency protects mice 
against MM at least partly in a DNAM-1-independent manner. However, a slightly higher spleen MM 
tumor burden was observed in anti-DNAM-1 mAb-treated Tigit-/- mice compared to cIg-treated Tigit-
/- mice indicating also a DNAM-1-dependent anti-myeloma mechanism of action in the absence of 
TIGIT (Fig. 5.11E, F). In WT mice, DNAM-1 blockade resulted in significant increase in tumor 
growth compared to cIg-treated WT mice (Fig. 5.11A-F) demonstrating the importance of DNAM-1 
as a co-stimulatory molecule.  
 
5.3.4 TIGIT blockade protects mice against MM.  
Due to the robust resistance against MM observed in Tigit-/- mice compared to WT mice, next the 
effects of TIGIT blockade using mAbs in mice were assessed (Fig. 5.12). WT mice were challenged 
with Vk12598 MM cells and treated with a blocking anti-TIGIT mAb (IgG2a) (clone 4B1) or cIg 
twice per week starting from tumor inoculation. Anti-TIGIT mAb-treated group showed significantly 
prolonged survival compared to cIg-treated group. To assess the efficacy of TIGIT blockade in 
another mouse MM model, WT mice were next challenged with Vk12653 MM cells and then treated 
with either blocking anti-TIGIT mAb (IgG2a) or cIg twice per week starting the same day as tumor 
inoculation (Fig. 5.13). The experiment was performed three times, first with 1.54 × 106 Vk12653 
MM cells/mouse and then twice with 2 × 106 Vk12653 MM cells/mouse. In the first experiment a 
significant decrease in M-protein levels (Fig. 5.13A), spleen weights (Fig.5.13B) and tumor burden 
both in the BM (Fig. 5.13C, D) and spleen (Fig. 5.13E, F) was observed in anti-TIGIT mAb-treated 
group compared to cIg-treated group. In the second experiment there were no differences between 
the two treatment groups (Fig. 5.13A-F). In the third experiment there was a trend of anti-TIGIT 
mAb-treated group displaying decreased M-protein levels (Fig. 5.13), spleen weights (Fig. 5.13B) 
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and tumor burden (Fig. 5.13C-F). To account for the biological and technical variation between the 
experiments, we pooled the results of the three experiments and analysed them with two-way 
ANOVA (Fig. 5.14). Following pooling, the anti-TIGIT mAb-treated group showed significantly 
decreased M-protein levels (Fig. 5.14A) and tumor burden both in the BM (Fig. 5.14C, D) and spleen 
(Fig. 5.14E, F), compared to the cIg-treated group.  
 
5.3.5 TIGIT blockade causes minor differences in T cell and NK cell phenotype, proliferation 
and cytokine production. 
To investigate differences in immune cell responses related to positive response to blocking anti-
TIGIT mAb therapy, the proportions and numbers of different immune cell populations (Fig. 5.15, 
Fig. 5.16), the expression of immunomodulatory receptors (Fig. 5.17 - Fig. 5.19), T cell activation 
status (Fig. 5.20) and T cell and NK cell proliferative (Fig. 5.21) and cytokine production capacities 
(Fig. 5.22, Fig. 5.23) in the first and third experiments were analysed by flow cytometry. We observed 
no major differences in the proportions and numbers of BM lymphocytes between anti-TIGIT mAb- 
and cIg-treated mice (Fig. 5.15). In the spleen, positive response to anti-TIGIT mAb therapy was 
associated with increased proportions and numbers of T cells (Fig. 5.16B-D). The proportion of total 
leukocytes was decreased in anti-TIGIT mAb-treated group compared to cIg-treated group in the BM 
in the third experiment (Fig. 5.15A). This caused a slight decrease in the proportion of CD8+ T cells 
in the anti-TIGIT mAb-treated group (Fig. 5.15B). In addition, the overall number of leukocytes and 
different lymphocyte populations was lower in both treatment groups in the BM in the third 
experiment compared to the first experiment (Fig. 5.15A), which most likely was due to the increased 
proportion of MM cells in the BM in the third experiment (Fig. 5.13C). 
We demonstrated earlier that the proportion of CD8+ T cells expressing TIGIT increased following 
MM challenge and that the proportion of TIGIT+ CD8+ T cells correlated with tumor burden in mice 
(Fig. 5.1A, B). In accordance with these results, we observed an increase in the proportion of TIGIT+ 
CD8+ T cells in both BM and spleen following Vk12653 challenge (Fig. 5.17A) compared to naïve 
WT mice (Fig. 5.6A, Fig. 5.7A). TIGIT was also expressed on Tregs (Fig. 5.17C), but only a very 
low proportion of CD4+ Teff cells (Fig. 5.17B) or NK cells (Fig. 5.17D) were TIGIT+. Interestingly, 
we were not able to detect any TIGIT expression in anti-TIGIT mAb-treated group suggesting either 
internalization of the receptor following antibody binding or a competition for the binding site 
between the blocking and the FACS antibody. PD-1 was expressed on all analysed cell populations, 
particularly on CD8+ T cells (Fig. 5.18A, Fig. 5.19A) and Tregs (Fig. 5.18C, Fig. 5.19C). 
221 
 
Interestingly, the proportion of PD-1+ CD8+ T cells was decreased in anti-TIGIT mAb-treated groups 
compared to cIg-treated groups in both BM (Fig. 5.18A) and spleen (Fig. 5.19A). This was associated 
with decreased tumor burden (Fig. 5.13) and suggests less dysfunctional CD8+ T cell phenotype in 
the anti-TIGIT mAb-treated groups. There was an overall decrease in CD96 expression in all cell 
populations in MM bearing (Fig. 5.18, Fig. 5.19) compared to naïve mice (Fig. 5.6, Fig. 5.7). In the 
BM, there were no major differences in T cell CD96 expression between anti-TIGIT mAb- and cIg-
treated groups (Fig. 5.18A-C). However, in the spleen, an increase in CD96+ T cells was observed in 
anti-TIGIT mAb-treated group in experiment one (Fig. 5.19A-C). DNAM-1 expression was 
decreased on BM CD8+ T cells in MM bearing (Fig. 5.18A) compared to naïve mice (Fig. 5.6A) 
again suggesting a more dysfunctional phenotype in the tumor microenvironment. Associated with 
decreased tumor burden (Fig. 5.13), the proportion of CD8+ T cells (Fig. 5.18A, Fig. 5.19A) and 
Tregs (Fig. 5.18C, Fig.5 .19C) expressing DNAM-1 was increased in anti-TIGIT mAb-treated groups 
compared to cIg-treated groups in both the BM and spleen. Representative FACS dot plots of CD8+ 
T cells expressing TIGIT, PD-1, CD96 or DNAM-1 in the spleen are shown in Suppl. Fig. 6.     
Next, T cell activation (Fig. 5.20) and T cell and NK cell proliferation (Fig. 5.21) based on CD69 and 
Ki67 expression, respectively, was assessed. No differences were observed in T cell activation 
between anti-TIGIT mAb- and cIg-treated groups (Fig. 5.20). However, there was an increase in 
CD4+ Teff cell (Fig. 5.21D), Treg (Fig. 5.21F) and NK cell (Fig. 5.21H) proliferation in anti-TIGIT 
mAb-treated compared to cIg-treated groups in the spleen. Finally, the effects of anti-TIGIT mAb on 
T cell and NK cell cytokine production were determined (Fig. 5.22, Fig. 5.23). Surprisingly, we 
observed a decrease in the proportion of CD8+ T cells and NK cells producing IFNγ (Fig. 5.22A) or 
TNFα (Fig. 5.22B) in anti-TIGIT mAb-treated compared to cIg-treated group in the BM suggesting 
that other factors are responsible for the anti-myeloma efficacy. However, in the spleen, the 
proportion of IFNγ+ and TNFα+ CD8+ T cells and IFNγ+ NK cells were increased in the anti-TIGIT 
mAb-treated groups compared to cIg- treated groups (Fig. 5.23A, B), particularly in experiment one 
where the difference in tumor burden between the two treatment groups was most significant (Fig. 
5.13). Representative FACS dot plots of CD8+ T cells producing IFNγ, TNFα, GrzB or IL-2 in the 
spleen are shown in Suppl. Fig. 7. 
 
5.3.6 TIGIT blockade improves MM patient CD8+ T cell effector functions. 
Finally, given that we earlier demonstrated that TIGIT+ CD8+ T cells from MM patients´ BM showed 
dysfunctional phenotype compared to TIGIT- CD8+ T cells (Fig. 5.2), we assessed the efficacy of 
TIGIT blockade in restoring human CD8+ T cell functions in vitro (Fig. 5.24). MM patient CD138- 
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BM cells were stimulated with anti-CD2/anti-CD3/anti-CD28 microbeads in the presence or absence 
of human anti-TIGIT mAbs. Anti-TIGIT mAbs caused significant increase in IFNγ (Fig. 5.24A) and 
TNFα (Fig. 5.24B) production and degranulation (Fig. 5.24C) in CD8+ T cells indicating that TIGIT 
blockade could restore effector cell functions in MM patients and thus provides a strong rationale to 
evaluate TIGIT blockade in treating MM.  
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Fig. 5.1 TIGIT expression during MM development.  
C57BL/6 WT mice were injected i.v with 2 x 106 Vk12653 MM cells (n=6-14 mice/group) (A-F) and 
TIGIT expression on BM CD8+ T cells (TCRβ+CD8α+) (A), Tregs (TCRβ+CD4+Foxp3+) (C), CD4+ 
Teff cells (TCRβ+CD4+Foxp3-) (E) and NK cells (TCRβ-NK1.1+) (F)  was analysed by flow 
cytometry 1, 2, 3 and 4 weeks post tumor inoculation. Naïve mice (N) were used as control. 
Percentages of BM TIGIT+ CD8+ T cells (B) or TIGIT+ Tregs (D) from Vk12653-MM-challenged 
mice shown in A or C were plotted against percentages of BM MM cells in these mice. The expression 
of immune checkpoints was analysed on MM patient BM CD8+ T cells by flow cytometry (n=16-26 
MM patients)(G). The proportion of MM patient BM CD8+ T cell subsets, naïve (TN, 
CD62L+CD45RA+); central memory (TCM, CD62L
+CD45RA-); effector memory (TEM, CD62L
-
CD45RA-); terminal effector memory (TEMRA, CD62L
-CD45RA+) expressing TIGIT was analysed 
by flow cytometry (n = 59 MM patients)(H). Data are presented as mean ± SEM (A, C, E-H). Data 
in A-F are pooled from two independent experiments. Experiments in G and H were performed once. 
Statistical differences between groups were determined by one-way ANOVA with Tukey’s post-test 
analysis (A, C, E-H). Correlation in B and D was assessed using a Pearson rank correlation test 
(*p<0.05, **p<0.01, ****p<0.0001).  
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Fig. 5.2 The effects of TIGIT expression on effector cell functions of BM CD8+ T cells derived 
from MM patients.  
(A) MM patient CD138- BM cells (n = 31 MM patients) were stimulated with anti-CD2/anti-
CD3/anti-CD28 microbeads for 6 hours. Intracellular IFNγ and TNFα content, activation (CD69) and 
degranulation (CD107a) of TIGIT- and TIGIT+ CD8+ T cells was determined by flow cytometry. (B) 
MM patient CD138- BM cells (n = 20 MM patients) were stained with CTV and stimulated with anti-
CD2/anti-CD3/anti-CD28 microbeads for 5 days. Representative histogram showing the proliferation 
of TIGIT- (black) and TIGIT+ (grey) CD8+ T cells and graph recapitulating the percentage of divided 
TIGIT- and TIGIT+ CD8+ T cells from the same culture. (C) TIGIT- and TIGIT+ CD8+ T cells (n=8-
12 MM patients) were sorted by flow cytometry and stimulated with anti-CD3/CD28 microbeads for 
6 hours. IFNγ and TNFα production as well as degranulation (CD107a) were determined by flow 
cytometry. (D) MM patient CD138- BM cells were stimulated with HLA-A*02-NY-ESO-1 specific 
peptide (1 μg/ml) for 6 hours. Pooled data from n = 6 HLA-A2+ MM patients with positive NY-ESO 
response are shown. (A) Data presented as mean ± SEM. Statistical differences between two groups 
were performed by using Wilcoxon matched-pairs signed rank test (*p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001).  
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Fig. 5.3 Serum γ-globulin levels and survival of WT and Tigit-/- mice following MM challenge.  
C57BL/6 WT and Tigit-/- mice (n=10-19 mice/group) were challenged i.v with (A, B) 2 x 106 
Vk12653 or (C) 4 x 105 Vk12598 MM cells. (A) Percentages of serum γ-globulin were determined 
by serum electrophoresis at week 6 post-MM cell injection and (B, C) survival was monitored 
overtime. (A) Data are presented as mean ± SEM with each symbol representing an individual mouse. 
(A, B) Data are pooled from 2 independent experiments or (C) shown as representative of two. 
Statistical differences (A) between two groups were determined by Mann Whitney and (B, C) 
differences in survival by Log-Rank sum test (**p<0.01, ***p<0.001, ****p<0.0001).  
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Fig. 5.4 Proportions and numbers of CD45.2+ cells, T cells and NK cells in WT and Tigit-/- mice.  
The proportions and numbers of (A, B) CD45.2+ cells, (C, D) CD8+ T cells (TCRβ+CD8α+), (E, F) 
CD4+ Teff (TCRβ+CD4+Foxp3-), (G, H) Tregs (TCRβ+CD4+Foxp3+) or (I, J) NK cells (TCRβ-
NK1.1+) from  (A, C, E, G, I) the BM and (B, D, F, H, J) spleen of C57BL/6 WT and Tigit-/- mice 
(n=5 mice/group) were analysed by flow cytometry, gating on live CD45.2+ cells of leukocyte 
morphology. Proportion of live CD45.2+ cells in leukocytes and proportions of CD8+ T cells, CD4+ 
Teff cells, Tregs and NK cells in live CD45.2+ population are shown. Cell numbers are represented 
as per total BM or as per gram (g) of spleen. Data presented as mean ± SEM with each symbol 
representing an individual mouse. Statistical differences in cell proportions and numbers between 
different genotypes were determined by Mann Whitney (*p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001). Data pooled from two independent experiments.  
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Fig. 5.5 Proportions and numbers of myeloid cells in WT and Tigit-/- mice.  
From the same experiment as in Fig. 5.4, the proportions and numbers of CD11b+GR-1hi cells (A, B), 
CD11b+GR-1hiLy6G+ cells (C, D), CD11b+GR-1- cells (E, F) and DCs (CD11c+MHCII+) (G, H) 
from the BM (A, C, E, G) and spleens (B, D, F, H) of C57BL/6 WT and Tigit-/- mice were analysed 
by flow cytometry, gating on live CD45.2+ cells of lymphocyte morphology. Cell numbers are 
represented as per total BM or as per gram (g) of spleen. Data presented as mean ± SEM with each 
symbol representing an individual mouse. Statistical differences in cell proportions and numbers 
between different genotypes were determined by Mann Whitney (*p<0.05; ***p<0.001; 
****p<0.0001). Data pooled from two independent experiments. 
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Fig. 5.6 Expression of TIGIT, CD96 and DNAM-1 on BM T cells and NK cells in WT and Tigit-
/- mice mice.  
From the same experiment as in Fig. 5.4 and Fig. 5.5, the proportion of CD8+ T cells (TCRβ+CD8α+) 
(A), CD4+ Teff cells (TCRβ+CD4+Foxp3-) (B), Tregs (TCRβ+CD4+Foxp3+) (C) and NK cells (TCRβ-
NK1.1+) (D) expressing  TIGIT, CD96 or DNAM-1 from the BM of C57BL/6 WT or Tigit-/-  mice 
was analysed by flow cytometry, gating on live CD45.2+ cells of lymphocyte morphology. Data 
presented as mean ± SEM with each symbol representing an individual mouse. Statistical differences 
between the genotypes were determined by Mann Whitney (*p<0.05; ***p<0.001; ****p<0.0001). 
Data pooled from two independent experiments. 
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Fig. 5.7 Expression of TIGIT, CD96 and DNAM-1 on splenic T cells and NK cells in WT and 
Tigit-/- mice mice.  
From the same experiment as in Fig. 5.4 - Fig. 5.6 the proportions of CD8+ T cells (TCRβ+CD8α+) 
(A), CD4+ Teff cells (TCRβ+CD4+Foxp3-) (B), Tregs (TCRβ+CD4+Foxp3+) (C) and NK cells (TCRβ-
NK1.1+) (D) expressing  TIGIT, CD96 or DNAM-1 from the spleens of C57BL/6 WT or Tigit-/-  mice 
was analysed by flow cytometry, gating on live CD45.2+ cells of lymphocyte morphology. Data 
presented as mean ± SEM with each symbol representing an individual mouse. Statistical differences 
between the genotypes were determined by Mann Whitney (*p<0.05; ***p<0.001; ****p<0.0001). 
Data pooled from two independent experiments. 
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Fig. 5.8 Effects of CD8+ T cell depletion on MM development in WT and Tigit-/- mice.  
C57BL/6 WT and Tigit-/- mice (n=10 mice/group) were challenged i.v. with 1.56 x 106 Vk12653 cells 
on day 0 and treated with anti-CD8β mAb or control Ig (cIg) (100 μg, i.p.) on days -1, 0, 7, 14, 21 
and 28. At week four post MM inoculation, percentages of serum γ-globulin (M-protein) levels were 
determined by serum electrophoresis (A). The same week, mice were sacrificed and BM and spleens 
harvested. Spleens were weighed (B) and myeloma burden in the BM (C, D) and spleen (E, F) was 
determined by flow cytometry by gating on B220-CD138+CD155+ MM cells. The proportion of MM 
cells in live CD45.2+ cells is shown. MM cell numbers are represented as per total BM or as per gram 
(g) of spleen. Data presented as mean ± SEM with each symbol representing an individual mouse. 
Statistical differences between groups were determined by one-way ANOVA with Tukey’s post-test 
analysis (*p<0.05; **p<0.01, ***p<0.001, ****p<0.0001). Experiment was performed once.  
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Fig. 5.9 Proportions and numbers of BM T cells and NK cells in MM-bearing WT and Tigit-/- 
mice with or without CD8+ T cell depletion.  
From the same experiment as Fig. 5.8, the proportions and numbers of CD8+ T cells (TCRβ+CD8α+) 
(A), CD4+ Teff (TCRβ+CD4+Foxp3-) (B), Tregs (TCRβ+CD4+Foxp3+) (C) and NK cells (TCRβ-
NK1.1+) (D) from the BM were determined by flow cytometry. The proportions of CD8+ T cells, 
CD4+ Teff cells, Tregs and NK cells in live CD45.2+ population are shown. Cell numbers are 
represented as per total BM. Data presented as mean ± SEM with each symbol representing an 
individual mouse. Statistical differences between groups were determined by one-way ANOVA with 
Tukey’s post-test analysis (*p<0.05; **p<0.01). 
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Fig. 5.10 Proportions and numbers of splenic T cells and NK cells in MM-bearing WT and Tigit-
/- mice with or without CD8+ T cell depletion.  
From the same experiment as Fig. 5.8, the proportions and numbers of CD8+ T cells (TCRβ+CD8α+) 
(A), CD4+ Teff (TCRβ+CD4+Foxp3-) (B), Tregs (TCRβ+CD4+Foxp3+) (C) and NK cells (TCRβ-
NK1.1+) (D) from the spleens were determined by flow cytometry. The proportions of CD8+ T cells, 
CD4+ Teff cells, Tregs and NK cells in live CD45.2+ population are shown. Cell numbers are 
represented as per gram (g) of spleen. Data presented as mean ± SEM with each symbol representing 
an individual mouse. Statistical differences between groups were determined by one-way ANOVA 
with Tukey’s post-test analysis (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 
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Fig. 5.11 Effects of DNAM-1 blockade on MM development in WT and Tigit-/- mice. 
C57BL/6 WT and Tigit-/- mice (n=8-10 mice/group) were challenged i.v. with 2 x 106 Vk12653 cells 
on day 0 and treated with anti-DNAM-1 mAb or control Ig (cIg) (200 μg, i.p.) on days -1, 0, 7, 14 
and 21. On week three post MM inoculation, percentages of serum γ-globulin (M-protein) levels were 
determined by serum electrophoresis (A). On week four, mice were sacrificed and BM and spleens 
harvested. Spleens were weighed (B) and myeloma burden in the BM (C, D) and spleen (E, F) was 
determined by flow cytometry by gating on B220-CD138+CD155+ MM cells. The proportion of MM 
cells in live CD45.2+ cells is shown. MM cell numbers are represented as per total BM or as per gram 
(g) of spleen. Data presented as mean ± SEM with each symbol representing an individual mouse. 
Statistical differences between groups were determined by one-way ANOVA with Tukey’s post-test 
analysis (*p<0.05; **p<0.01; ***p<0.001). Experiment was performed once.  
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Fig. 5.12 Survival of MM-bearing WT mice following TIGIT blockade.  
C57BL/6 WT mice (n=18-20 mice/group) were challenged with 4 x 105 Vk12598 MM cells on day 0 
and treated with anti-TIGIT mAb or control Ig (cIg) (200 μg, i.p.) twice per week for four weeks 
starting on day 0 and monitored for survival. Data are pooled from 2 independent experiments. 
Statistical differences in survival were determined by Log-Rank sum test (*p<0.05).  
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Fig. 5.13 Effects of TIGIT blockade on MM development in WT mice.  
C57BL/6 WT mice (n=8-10 mice/group) were challenged i.v. with 1.54-2 x 106 Vk12653 cells on 
day 0 and treated with anti-TIGIT mAb or control Ig (cIg) (200 μg, i.p.) twice per week for four 
weeks starting on day 0. On week four post MM inoculation, percentages of serum γ-globulin (M-
protein) levels were determined by serum electrophoresis (A). The same week, mice were sacrificed 
and BM and spleens harvested. Spleens were weighed (B) and myeloma burden in the BM (C, D) 
and spleen (E, F) was determined by flow cytometry by gating on B220-CD138+CD155+ MM cells. 
The proportion of MM cells in live CD45.2+ cells is shown. MM cell numbers are represented as per 
total BM or as per gram (g) of spleen. Data presented as mean with each symbol representing an 
individual mouse. Data obtained from the same experiment displayed with same colour (Expt 1: open 
symbols; Expt 2: black symbols; Expt 3: purple symbols). Statistical differences between the 
treatment groups were determined by Mann Whitney (*p<0.05; **p<0.01).  
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Fig. 5.14 Effects of TIGIT blockade on MM development in WT mice.  
The same data as in Fig. 5.13 are represented here as pooled experiments.  Data presented as mean 
with each symbol representing an individual mouse. Data obtained from the same experiment 
displayed with same colour (Expt 1: open symbols; Expt 2: black symbols; Expt 3: purple symbols). 
Statistical differences between the treatment groups were determined by two-way ANOVA (*p<0.05; 
**p<0.01).  
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Fig. 5.15 Effects of TIGIT blockade on the proportions and numbers of leukocytes, T cells and 
NK cells in the BM of MM-bearing WT mice.  
From the same experiments as in Fig. 5.13 and Fig. 5.14 that showed positive response to anti-TIGIT 
mAb therapy, the proportions and numbers of live leukocytes (A), CD8+ T cells (TCRβ+CD8α+) (B), 
CD4+ Teff (TCRβ+CD4+Foxp3-) (C), Tregs (TCRβ+CD4+Foxp3+) (D) and NK cells (TCRβ-NK1.1+) 
(E) from the BM were determined by flow cytometry. Proportion of live leukocytes in total 
leukocytes and proportions of CD8+ T cells, CD4+ Teff cells, Tregs and NK cells in live lymphocyte 
population are shown separately for each independent experiment. Cell numbers are represented as 
per total BM. Data presented as mean ± SEM with each symbol representing an individual mouse. 
Data obtained from the same experiment displayed with same colour (Expt 1: open symbols; Expt 3: 
purple symbols). Statistical differences between treatment groups were determined by Mann Whitney 
(*p<0.05; **p<0.01).  
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Fig. 5.16 Effects of TIGIT blockade on the proportions and numbers of leukocytes, T cells and 
NK cells in the spleen of MM-bearing WT mice.  
From the same experiments as Fig. 5.13 and Fig. 5.14 that showed positive response to anti-TIGIT 
mAb therapy, the proportions and numbers of live leukocytes (A), CD8+ T cells (TCRβ+CD8α+) (B), 
CD4+ Teff (TCRβ+CD4+Foxp3-) (C), Tregs (TCRβ+CD4+Foxp3+) (D) and NK cells (TCRβ-NK1.1+) 
(E) from the spleen were determined by flow cytometry. Proportion of live leukocytes in total 
leukocytes and proportions of CD8+ T cells, CD4+ Teff cells, Tregs and NK cells in live lymphocyte 
population are shown separately for each independent experiment. Cell numbers are represented as 
per gram (g) of spleen. Data presented as mean ± SEM with each symbol representing an individual 
mouse. Data obtained from the same experiment displayed with same colour (Expt 1: open symbols; 
Expt 3: purple symbols). Statistical differences between treatment groups were determined by Mann 
Whitney (*p<0.05; **p<0.01).  
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Fig. 5.17 TIGIT expression on T cells and NK cells in MM-bearing WT mice treated with cIg 
or anti-TIGIT mAbs.  
From the same experiments as in Fig. 5.13 and Fig. 5.14 that showed positive response to anti-TIGIT 
mAb therapy, the proportions of CD8+ T cells (TCRβ+CD8α+) (A), CD4+ Teff (TCRβ+CD4+Foxp3-) 
(B), Tregs (TCRβ+CD4+Foxp3+) (C) and NK cells (TCRβ-NK1.1+) (D) expressing TIGIT from the 
BM and spleen was analysed by flow cytometry, gating on live CD45.2+ cells of lymphocyte 
morphology. Data presented separately for each independent experiment as mean ± SEM with each 
symbol representing an individual mouse. Data obtained from the same experiment displayed with 
same colour (Expt 1: open symbols; Expt 3: purple symbols). 
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Fig. 5.18 Effects of TIGIT blockade on PD-1, CD96 and DNAM-1 expression on BM T cells and 
NK cells in MM-bearing WT mice.  
From the same experiments as in Fig. 5.13 and Fig. 5.14 that showed positive response to anti-TIGIT 
mAb therapy, the proportions of CD8+ T cells (TCRβ+CD8α+) (A), CD4+ Teff (TCRβ+CD4+Foxp3-) 
(B), Tregs (TCRβ+CD4+Foxp3+) (C) and NK cells (TCRβ-NK1.1+) (D) expressing PD-1, CD96 or 
DNAM-1 from the BM was analysed by flow cytometry, gating on live CD45.2+ cells of lymphocyte 
morphology. Data presented separately for each independent experiment as mean ± SEM with each 
symbol representing an individual mouse. Data obtained from the same experiment displayed with 
same colour (Expt 1: open symbols; Expt 3: purple symbols). Statistical differences between 
treatment groups were determined by Mann Whitney (*p<0.05; **p<0.01).  
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Fig. 5.19 Effects of TIGIT blockade on PD-1, CD96 and DNAM-1 expression on splenic T cells 
and NK cells in MM-bearing WT mice.  
From the same experiments as in Fig. 5.13 and Fig. 5.14 that showed positive response to anti-TIGIT 
mAb therapy, the proportions of CD8+ T cells (TCRβ+CD8α+) (A), CD4+ Teff (TCRβ+CD4+Foxp3-) 
(B), Tregs (TCRβ+CD4+Foxp3+) (C) and NK cells (TCRβ-NK1.1+) (D) expressing PD-1, CD96 or 
DNAM-1 from the spleens was analysed by flow cytometry, gating on live CD45.2+ cells of 
lymphocyte morphology. Data presented separately for each independent experiment as mean ± SEM 
with each symbol representing an individual mouse. Data obtained from the same experiment 
displayed with same colour (Expt 1: open symbols; Expt 3: purple symbols). Statistical differences 
between treatment groups were determined by Mann Whitney (*p<0.05; **p<0.01; ***p<0.001). 
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Fig. 5.20 Effects of TIGIT blockade on T cell activation in MM-bearing WT mice. 
From the same experiments as in Fig. 5.13 and Fig. 5.14 that showed positive response to anti-TIGIT 
mAb therapy, the proportions of CD69+ CD8+ T cells (TCRβ+CD8α+) (A, B), CD4+ Teff cells 
(TCRβ+CD4+Foxp3-) (C, D) and Tregs (TCRβ+CD4+Foxp3+) (E, F) from the BM (A, C, E) and 
spleen (B, D, F) were analysed by flow cytometry, gating on live CD45.2+ cells of lymphocyte 
morphology. Data presented separately for each independent experiment as mean ± SEM with each 
symbol representing an individual mouse. Data obtained from the same experiment displayed with 
same colour (Expt 1: open symbols; Expt 3: purple symbols). Statistical differences between 
treatment groups were determined by Mann Whitney (*p<0.05).  
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Fig. 5.21 Effects of TIGIT blockade on T cell and NK cell proliferation in MM-bearing WT 
mice.  
From the same experiments as in Fig. 5.13 and Fig. 5.14 that showed positive response to anti-TIGIT 
mAb therapy, the proportions of Ki67+ CD8+ T cells (TCRβ+CD8α+) (A, B), CD4+ Teff 
(TCRβ+CD4+Foxp3-) (C, D), Tregs (TCRβ+CD4+Foxp3+) (E, F) and NK cells (TCRβ-NK1.1+) (G, 
H) from the BM (A, C, E, G) and spleen (B, D, F, H) were analysed by flow cytometry, gating on 
live CD45.2+ cells of lymphocyte morphology. Data presented separately for each independent 
experiment as mean ± SEM with each symbol representing an individual mouse. Data obtained from 
the same experiment displayed with same colour (Expt 1: open symbols; Expt 3: purple symbols). 
Statistical differences between treatment groups were determined by Mann Whitney (*p<0.05; 
**p<0.01; ****p<0.0001).  
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Fig. 5.22 Effects of TIGIT blockade on T cell and NK cell IFNγ, TNFα, GrzB and IL-2 
production in the BM of MM-bearing WT mice.  
From the same experiments as in Fig. 5.13 and Fig. 5.14 that showed positive response to anti-TIGIT 
mAb therapy, BM cells were cultured for 2 h in the presence of PMA-ionomycin + brefeldin A + 
monensin and the proportions of CD8+ T cells (TCRβ+CD8α+), CD4+ T cells (TCRβ+CD4+) and NK 
cells (TCRβ-NK1.1+) expressing IFNγ (A), TNFα (B), GrzB (C) or IL-2 (D) were analysed by flow 
cytometry, gating on live CD45.2+ cells of lymphocyte morphology. Data presented separately for 
each independent experiment as mean ± SEM with each symbol representing an individual mouse. 
Data obtained from the same experiment displayed with same colour (Expt 1: open symbols; Expt 3: 
purple symbols). Statistical differences between treatment groups were determined by Mann Whitney 
(*p<0.05; **p<0.01; ***p<0.001).  
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Fig. 5.23 Effects of TIGIT blockade on T cell and NK cell IFNγ, TNFα, GrzB and IL-2 
production in the spleen of MM-bearing WT mice.  
From the same experiments as Fig. 5.13 and Fig. 5.14 that showed positive response to anti-TIGIT 
mAb therapy, splenocytes were cultured for 2 h in the presence of PMA-ionomycin + brefeldin A + 
monensin and the proportions of CD8+ T cells (TCRβ+CD8α+), CD4+ T cells (TCRβ+CD4+) and NK 
cells (TCRβ-NK1.1+) expressing IFNγ (A), TNFα (B), GrzB (C) or IL-2 (D) were analysed by flow 
cytometry, gating on live CD45.2+ cells of lymphocyte morphology. Data presented separately for 
each independent experiment as mean ± SEM with each symbol representing an individual mouse. 
Data obtained from the same experiment displayed with same colour (Expt 1: open symbols; Expt 3: 
purple symbols). Statistical differences between treatment groups were determined by Mann Whitney 
(*p<0.05; **p<0.01).  
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Fig. 5.24 Effects of TIGIT blockade on effector cell functions of CD8+ T cells derived from MM 
patients.  
MM patient CD138- BM cells (n=16 MM patients) were stimulated by anti-CD2/anti-CD3/anti-CD28 
microbeads for 6 hours in the presence of anti-TIGIT mAbs (10 μg/ml) or control Ig (cIg). IFNγ (A) 
and TNFα (B) production as well as degranulation (CD107a) (C) were determined by flow cytometry. 
Statistical differences between the groups were determined by Wilcoxon matched-pairs signed rank 
test (****p<0.0001).  
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5.4 Discussion 
MM is still largely considered to be an incurable disease for most patients296. Given the 
immunological changes associated with the disease development, the progress in new 
immunotherapeutic approaches including mAbs targeting myeloma cell antigens (daratumumab, 
elotuzumab), adoptive cellular therapy and ICB give hope for long-term control of MM. Blockade of 
the PD-1/PD-L1 pathway has been associated with anti-tumor efficacy in several malignancies416. 
However, as a single agent, Nivolumab, failed to show any objective responses in MM treatment401 
and suggests additional immune inhibitory pathways causing immune suppression in this malignancy. 
TIGIT is an immune checkpoint receptor expressed on T and NK cells that competes with the 
activating receptor DNAM-1 and two other inhibitory receptors, CD96 and CD112R for binding 
CD155 and CD112205, 474. TIGIT recently emerged as an attractive target for cancer 
immunotherapy422, 475 and anti-TIGIT mAbs are currently being tested in a phase I clinical trial in 
patients with advanced or metastatic tumors (NCT02794571). We demonstrate here that TIGIT is a 
major receptor mediating immunosuppression in MM. The absence of TIGIT prolonged survival and 
reduced MM tumor burden in Tigit-/- mice and this anti-myeloma resistance was dependent on CD8+ 
T cells. Furthermore, TIGIT blockade showed anti-tumor efficacy in two different mouse MM models 
and was able to restore the function of MM patient CD8+ T cells.  
Two recent studies demonstrated that TIGIT is upregulated on tumor antigen (TA) -specific CD8+ T 
cells in the periphery and in metastases from advanced melanoma patients218 and on peripheral blood 
CD8+ T cells from AML patients220. Both studies suggested a CD8+ T cell intrinsic effect for TIGIT-
mediated inhibition of anti-tumor effector functions. In concordance with these studies, we show here 
that TIGIT expression was increased on mouse CD8+ T cells following MM challenge and that the 
proportion of TIGIT+ CD8+ T cells correlated with tumor burden. In addition, TIGIT was more 
frequently expressed on MM patient CD8+ T cells compared to other inhibitory receptors such as 
CTLA-4 and PD-1 and was associated with decreased effector functions suggesting TIGIT being a 
major inhibitory receptor in MM. Indeed, Tigit-/- mice showed enhanced survival and reduced tumor 
burden following MM challenge compared to WT mice. The resistance of Tigit-/- mice to MM was 
completely abolished following CD8+ T cell depletion demonstrating the critical role of CD8+ T cells 
on the anti-tumor efficacy of TIGIT deficiency. Besides CD8+ T cells332, 350, NK cells have been 
shown to be important for MM control332, 334, 335 and a recent study reported NK cells derived from 
healthy donors displaying enhanced effector function following TIGIT blockade476. However, a high 
proportion of human NK cells expressed TIGIT476 while, by contrast, we were unable to detect TIGIT 
on mouse NK cells either in naïve conditions or following MM challenge. This suggests NK cells 
having no or only a minor role for the resistance to MM observed in Tigit-/- mice. In addition, Kurtulus 
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et al. demonstrated that TIGIT expression was enriched in tumor infiltrating Tregs and that TIGIT 
suppressed CD8+ T cell-mediated anti-tumor immunity predominantly via regulating Treg 
function214. Given that we observed an increase in effector function of MM patients´ CD8+ T cells 
following TIGIT blockade when BM CD138- cells were stimulated as a bulk, we cannot rule out the 
possibility that Tregs play a role in TIGIT-mediated inhibition. In addition, we observed TIGIT 
expression on BM Tregs derived from mice following MM challenge. However, the expression on 
Tregs did not correlate with MM tumor burden, as did TIGIT expression on CD8+ T cells. Future 
experiments should investigate TIGIT expression also on MM patient NK cells and Tregs and assess 
whether TIGIT blockade can directly affect the function of these cells in addition to CD8+ T cells.   
The inhibitory effect of TIGIT on CD8+ T cell effector function has been shown to be dependent on 
DNAM-1 since TIGIT is able to compete with DNAM-1 for the binding of the shared ligands CD155 
and CD112187, 209. Furthermore, TIGIT may be able to disrupt the dimerization of DNAM-1 by direct 
interaction210. Surprisingly, we observed significantly decreased tumor burden in anti-DNAM-1 
mAb-treated Tigit-/- mice compared to anti-DNAM-1 mAb-treated WT mice indicating that TIGIT is 
at least partly able to suppress anti-myeloma immunity independently of DNAM-1. These DNAM-
1-independent mechanisms may include inhibiting T cell proliferation and cytokine production by 
cell intrinsic manner212 or via indirect mechanism by regulating the functions of APCs187 or by 
enhancing the suppression of Tregs208, 214. However, we did observe a slight increase in MM tumor 
burden in the spleen in anti-DNAM-1 mAb-treated Tigit-/- mice compared to cIg-treated Tigit-/- mice 
suggesting also DNAM-1-dependent inhibitory role for TIGIT in mouse MM model. Given that this 
DNAM-1-dependent effect was more obvious in the spleen compared to the BM, anti-DNAM-1 mAb 
may not function properly in the BM. Alternatively, the anti-DNAM-1 mAb administration schedule 
used here may not have been optimal for full blockade of DNAM-1. Therefore, further experiments 
are needed to draw definitive conclusions on DNAM-1-requirement for TIGIT-mediated protection 
against MM.  
Previous work has demonstrated the tumor-resistance of Tigit-/- mice in mouse solid tumor models214, 
221. However, studies about the anti-tumor efficacy of anti-TIGIT mAbs, as a single agent, have shown 
contradictory results in suppressing mouse subcutaneous tumor growth210, 217, 221. We show here that 
therapy by using blocking anti-TIGIT mAbs significantly improved survival of WT mice compared 
to cIg-treated WT mice challenged with Vk12598 MM cells. Further, anti-TIGIT mAbs showed anti-
tumor efficacy also in a less immunogenic mouse MM model, Vk12653 which generally does not 
respond to single therapies414. In this model model, we observed differences in the anti-tumor efficacy 
of anti-TIGIT mAb therapy between the experiments. Several factors can affect the anti-tumor 
efficacy of therapeutic antibodies such as their ability to reach the tumor site, affinity to the antigen 
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and half-life in the body477. However, differences observed here between the experiments most likely 
reflect the variation in tumor growth rate caused by the use of different batches of Vk12653 cells. 
Effective anti-myeloma responses to TIGIT blockade in Vk12653 model were associated with 
increased proliferation of T cells and NK cells in the spleen correlating with increased proportions 
and numbers of T cells and NK cells in this organ. Interestingly, positive response to TIGIT blockade 
was also associated with decreased proportion of CD8+ T cells expressing PD-1 but increased 
proportion of CD8+ T cells expressing DNAM-1 in the spleen. Given that PD-1 expression on CD8+ 
T cells has been associated with dysfunctional effector phenotype in several studies144, 214, 478, 479 and 
DNAM-1 expression by contrast has been associated with increased T cell cytokine production209, 235, 
this data suggested a more functional CD8+ T cell phenotype in the anti-TIGIT mAb-treated group 
that was associated with decreased tumor burden in anti-TIGIT mAb-treated compared to cIg-treated 
mice. In addition, positive responses to TIGIT blockade were associated with increased CD8+ T cell 
effector function based on increased proportion of CD8+ T cells capable of producing IFNγ and TNFα 
in the spleen but not in the BM. Given the analyses being done one week after the last antibody 
treatment and given that there are differences in antibody clearance rates between different tissues480, 
it is possible that the effect of TIGIT blockade on effector cell responses had already ceased in the 
BM but not in the spleen. In addition, the differences in the tumor microenvironments and in the 
tumor burdens may cause differences in the effects on TIGIT blockade between BM and spleen. 
However, these results are in concordance with Johnston et al. who demonstrated that compared to 
cIg-treatment, anti-TIGIT mAb-treatment of tumor-bearing mice resulted in increased proportion of 
draining lymph node but not tumor-infiltrating CD8+ T cells capable of producing IFNγ210. However, 
the same report demonstrated that dual blockade of TIGIT and PD-L1 significantly increased the 
proportion of tumor infiltrating CD8+ T cells producing IFNγ following anti-CD3/anti-CD28 mAb 
stimulation compared to cells derived from mice treated with cIg or either therapeutic antibody alone. 
Further, dual blockade of TIGIT and PD-L1/PD-1 also significantly suppressed tumor growth 
compared to either treatment alone. Future experiments will show whether dual blockade of TIGIT 
and PD-1 also further suppresses MM growth in mice compared to anti-TIGIT mAb-treatment alone. 
Finally, we show the therapeutic potential of human anti-TIGIT mAb in MM treatment based on 
functional experiments with ex vivo BM samples. TIGIT blockade was able to restore CD8+ T cell 
functions from MM patient BM samples by significantly increasing degranulation and the production 
of IFNγ and TNFα.  
Mouse therapeutic antibodies with IgG2a isotype are known to be able to cause ADCC and ADCP481. 
Indeed, mouse anti-CTLA-4 IgG2a has been demonstrated to deplete intra-tumoral Tregs by ADCC 
due to binding FcγRs on macrophages and thus contributing to the anti-tumor efficacy of this 
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antibody482, 483. Interestingly, we observed no decrease in the proportions or numbers of Tregs in the 
BM or spleen of anti-TIGIT IgG2a-treated mice compared to cIg-treated mice. It has been proposed 
that BM is the preferential site for Treg migration484 suggesting that a fast Treg turn-over could mask 
the Treg-depleting effect of anti-TIGIT IgG2a. Furthermore, BM macrophages presumably differ 
from the intra-tumoral macrophages responsible for ADCC following mouse anti-CTLA-4 mAb-
treatment. Indeed, the phenotype of macrophages has been demonstrated to vary greatly between 
organs485. In addition, since we assessed Treg proportions and numbers approximately one week after 
the last antibody treatment, it is possible that the Treg-depleting capacity of anti-TIGIT IgG2a was 
already disappeared at this time point.  
In conclusion, we show here a predominant inhibitory role of TIGIT in anti-MM CD8+ T cell 
responses. Our data demonstrate for the first time that blocking the TIGIT pathway prolongs survival 
and decreases tumor burden in two pre-clinical MM models and improves MM patient CD8+ T cell 
functions, thereby providing a strong rationale for the evaluation of anti-TIGIT mAbs to treat MM. 
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The immune system has a paradoxical role in cancer development. The adaptive and innate immune 
cells can control and eliminate tumor cells but in an immunosuppressive environment they can also 
promote tumor growth by increasing inflammation and tumor cell evolution3, 6. Tumor cells have 
multiple ways that they can avoid immune cell recognition and to create an immune suppressive 
microenvironment10, 11.  They decrease their antigen presentation thus avoiding T cell recognition. 
They also increase the expression of immunosuppressive factors including IL-10 and TGFβ and 
recruit immunosuppressive cell types such as Tregs and MDSCs. In addition, tumor cells are able to 
manipulate immune regulatory pathways and thus impede immune surveillance. Within the last 
decade, the importance of immune suppression and immune evasion for tumor growth has been 
demonstrated through the success of immunotherapies, particularly with ICB, which have 
revolutionized the field of cancer therapy. Ipilimumab, human anti-CTLA4 mAb was the first 
systemic therapy that displayed prolonged overall survival in patients with advanced melanoma261, 
262. The next approved mAbs, targeting PD-1, nivolumab and pembrolizumab, showed even higher 
ORR and progression-free survival in the treatment of advanced melanoma, compared to 
ipilimumab270, 417.  
Given that multiple immunosuppressive pathways operate simultaneously in the tumor 
microenvironment, one could speculate that co-targeting two or more immune checkpoint receptors 
would further increase response rates. Indeed, combination therapy with nivolumab and ipilimumab 
demonstrated increased efficacy in treating advanced melanoma compared to either monotherapy 
alone289, 417. Despite this success, other than cost, there are still number of issues that have to be 
overcome to broaden the application of ICB therapy. Firstly, given the immune system activating 
mechanism of action, ICB is associated with unique treatment-related toxicities, irAEs, which most 
commonly target the gastrointestinal tract, endocrine glands, skin and liver and can halt patient 
treatment292, 486. Secondly, the majority of patients do not respond to single agent therapy and require 
combination therapy. However, while response rates increased with the combination of ipilimumab 
and nivolumab compared to either single therapy, the rate of irAEs also increased with 55% of 
patients treated with the combination experiencing grade 3 or 4 adverse events, resulting in 
discontinued therapy for 36% of patients417. Further, there is still a large proportion of patients that 
do not respond to the combination of PD-1/CTLA-4 co-blockade. This indicates that there is an urgent 
need to explore other combinations with higher therapeutic indexes (maximal anti-tumor efficacy and 
low level of irAEs) and the ability to induce an anti-tumor response in previously therapy-resistant 
tumors.  
In this thesis, I assessed the effects of targeting CD96 in combination with either PD-1 or TIGIT on 
immune homeostasis, autoimmunity and tumor-immunity. In addition, I explored the potential of 
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targeting TIGIT alone in the currently un-curable haematological malignancy, MM. CD96 and TIGIT 
have recently entered the spotlight as novel immune checkpoint receptor targets for cancer 
immunotherapy. Mice deficient for either receptor have been reported to be healthy suggesting that 
targeting these receptors alone does not increase the development of autoimmunity176, 190, 212. Further, 
targeting CD96 in experimental or spontaneous lung metastases models has shown anti-metastatic 
activity181, 182 while targeting TIGIT in subcutaneous tumor models has demonstrated anti-tumor 
efficacy214, 221. However, targeting these receptors in combination or in the context of MM has not 
previously been investigated. Interestingly, we demonstrated here that mice deficient for both CD96 
and PD-1 or CD96 and TIGIT did not display dysregulation of their immune homeostasis and did not 
develop autoimmunity above that recorded for mice deficient for CD96, PD-1 or TIGIT alone even 
when aged for 22 months suggesting that ablation of the function of these receptors in combination 
is safe even in the long-term. Furthermore, we show for the first time that Pdcd1-/-CD96-/- mice 
displayed significantly enhanced resistance to certain transplantable subcutaneous tumors, which did 
not occur in mice with deficiency of either receptor alone. This resistance seemed to be due to 
increased CD8+ T cell to Treg and CD8+ T cell to CD11b+GR-1hi myeloid cell ratios in the tumor 
microenvironment. These results support the potential clinical efficacy and safety in co-blockade of 
CD96 and PD-1. Furthermore, we show that TIGIT plays an immunosuppressive role in MM, in mice 
and possibly in humans. Excitingly, our data demonstrated for the first time that blocking TIGIT 
prolonged survival and decreased tumor burden in two pre-clinical MM models which usually do not 
respond to single agent therapies414. Importantly, human anti-TIGIT mAbs also improved MM patient 
CD8+ T cell effector function ex vivo, thereby providing a strong rationale for the evaluation of anti-
TIGIT mAbs to treat human MM. 
Given the efficacy of mAbs targeting PD-1 pathway in a wide spectrum of malignancies and the safer 
therapeutic profile compared to anti-CTLA4 mAbs280, 289, 292, 417, 486, 487, anti-PD-1 and anti-PD-L1 
mAbs are likely to be preferred in combination therapies. The inhibitory function of CD96 has been 
demonstrated for NK cells176, but its role on T cells is yet to be assessed. In contrast, the inhibitory 
function of TIGIT on T cells is well described190, 209, 210, 218. To understand how CD96 may interact 
with PD-1 or TIGIT in controlling largely T cell-dependent subcutaneous tumors, we tested the level 
of anti-tumor resistance in four transplantable tumor models, SM1WT1, MC38, MCA1956 and AT3. 
Interestingly, we observed enhanced resistance to subcutaneous SM1WT1 and MCA1956 tumor 
growth in Pdcd1-/-CD96-/- mice compared to WT or single gene-targeted mice. In MC38 or AT3 
tumor models, both Pdcd1-/-CD96-/- and Pdcd1-/- mice showed anti-tumor resistance, but the 
additional loss of CD96 did not further increase the resistance compared to loss of just PD-1. Maximal 
tumor suppression may already be occurring in the MC38 and AT3 tumor models in Pdcd1-/- mice 
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with no further efficacy seen with loss of CD96. This hypothesis was further supported by the fact 
that PD-L1 and PD-L2 were more frequently expressed in MC38 compared to SM1WT1 tumor 
microenvironment. The next step would be to assess whether the co-administration of anti-PD-1 and 
anti-CD96 mAbs also causes superior anti-tumor effects compared to monotherapy in SM1WT1 or 
MCA1956 tumor-bearing WT mice. Tigit-/-CD96-/- mice failed to show significant anti-tumor 
resistance to SM1WT1, MC38 or AT3 tumors which was likely due to the dominance of the PD-
1/PD-L1 axis in the suppression of effector functions on T cells in these tumors. Future experiments 
with Tigit-/-CD96-/- mice should be targeted to tumor models where the PD-1 pathway is not the main 
T cell immune suppressive mechanism. Interestingly, a recent study demonstrated that anti-TIGIT 
mAb-treatment significantly suppressed subcutaneous CT26 and B16 tumor growth and improved 
mouse survival compared to cIg-treatment221. The anti-tumor efficacy of TIGIT blockade was 
reportedly due to increased tumor-specific T cell immunity which was dependent on NK cells. 
However, in these tumor models, TIGIT was highly expressed on NK cells with 70% or 33% of 
tumor-infiltrating NK cells expressing TIGIT in CT26 or B16 tumors, respectively. We on the 
contrary observed very low frequency of NK cells, 1% in SM1WT1 and 6% in MC38 tumors 
expressing TIGIT. This difference could at least partly explain why we failed to observe significant 
anti-tumor resistance in Tigit-/- or Tigit-/-CD96-/- mice when challenged with SM1WT1 or MC38 
subcutaneous tumors. However, previous studies have demonstrated that mAb-targeting of TIGIT 
and PD-1/PD-L1 synergistically suppressed subcutaneous tumor growth210, 217, 218 and it would be of 
interest to treat tumor-bearing Tigit-/-CD96-/- mice with anti-PD-1 to determine if any inhibitory effect 
of CD96 on T cells can be revealed. Finally, given the previous study demonstrating that anti-CD96 
mAb-treated Tigit-/- mice displayed enhanced resistance to lung metastases compared to anti-CD96 
mAb-treated WT mice181, co-targeting of CD96 and TIGIT may be more useful in the treatment of 
metastases or haematological malignancies where NK cells are critical for control. Future 
experiments will aim to determine in which tumor microenvironment these respective combination 
therapies will be most effective. 
Given that immune checkpoint pathways maintain immune homeostasis and prevent autoimmunity, 
it is not surprising that ICB therapy can induce irAEs in patients292. More severe and higher incidence 
rate of irAEs in patients treated with ipilimumab compared to nivolumab291 correlate with severity of 
autoimmune symptoms observed in mice deficient for either CTLA4 or PD-163, 64, 118, 119. In addition, 
patients develop irAEs more frequently and severely when treated with combination ICB therapy 
(ipilimumab + nivolumab)291, 417, 488. This phenotype is also found in mice lacking two inhibitory 
receptors, PD-1 and LAG-3 or PD-1 and VISTA which displayed more severe autoimmune 
phenotype compared to mice lacking PD-1, LAG-3 or VISTA alone122, 123. Interestingly, mice 
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deficient for both PD-1 and CD96 or TIGIT and CD96 did not display dysregulated immune 
homeostasis or enhanced autoimmunity compared to mice deficient for only one receptor. 
Furthermore, Tigit-/-, CD96-/- or Tigit-/-CD96-/- mice displayed no differences in immune homeostasis 
or development of autoimmunity compared to WT mice. Pdcd1-/- and Pdcd1-/-CD96-/- mice showed 
similar increase in Tregs and effector memory T cells and a decrease in NK cells compared to WT 
mice. Similar increases in the level of immune cell infiltration in liver were also observed in Pdcd1-
/- and Pdcd1-/-CD96-/- mice compared to WT mice. In addition, both Pdcd1-/- and Pdcd1-/-CD96-/- mice 
displayed decreased survival compared to WT mice when aged for 22 months, yet there was no 
significant difference in the survival between Pdcd1-/- and Pdcd1-/-CD96-/- mice. This data suggests 
that the differences compared to WT mice were solely due to the loss of PD-1 and the additional loss 
of CD96 did not increase the development of autoimmunity. Recently, Liu et al. developed a mouse 
model that could be used to simultaneously assess the anti-tumor efficacy and the development of 
irAEs following ICB489. In this model, a transient Treg depletion is used to lower the immune 
tolerance threshold in order to reveal any hidden autoimmune causing abilities of mAbs targeting 
immune checkpoint receptors. For instance, this model successfully demonstrated anti-CD137 mAbs 
causing more severe side effects such as liver toxicity compared to anti-PD-1 mAbs which correlates 
with the more severe irAEs observed in patients treated with anti-CD137 mAbs compared to patients 
treated with PD-1/PD-L1 blockade490. It would be of interest to utilize this mouse model to assess the 
possible subtle toxicities of anti-TIGIT and anti-CD96 mAbs. In addition, it would be useful to 
generate deficiency of PD-1, TIGIT and CD96 alone or in different combinations in strains of mice 
that are prone to developing autoimmunity such as BALB/c mice where loss of PD-1 alone leads to 
their development of autoimmune dilated cardiomyopathy119. Given that PD-1 deficiency on a NOD 
background can accelerate the development of T1D120 and the recent studies linking new-onset 
insulin-dependent diabetes in patients receiving PD-1 blockade therapy440, 441, it would be of utility 
to breed Pdcd1-/-CD96-/- on to a NOD background and compare disease development with Pdcd1-/- 
NOD mice. Further, given that we observed severe weight loss in some of the Pdcd1-/- and Pdcd1-/-
CD96-/- mice which led to their euthanasia, it could be useful to utilize the dextran sulfate sodium 
(DSS)-induced colitis model to assess whether the disease is exacerbated or accelerated in Pdcd1-/- 
and Pdcd1-/-CD96-/- background.    
Interestingly, even though some Pdcd1-/- and Pdcd1-/-CD96-/- mice displayed severe weight loss 
leading to their euthanasia when aged, we observed an overall increase in weight in these and Tigit-/- 
and Tigit-/-CD96-/- mice suggesting that PD-1 and TIGIT might be involved in regulating metabolic 
pathways. Indeed, it has become increasingly clear that besides protecting the body against pathogens, 
parasites and tumor development, both the innate and adaptive immune system also regulate other 
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physiological processes throughout the body including the metabolic state491, 492. Immune cells 
respond to environmental signals including hormones and bacterial products and accordingly regulate 
lipid storage, glucose utilization and energy consumption492. Changes in the immune system affecting 
the function of adipose tissue have been associated with obesity and glucose intolerance in multiple 
mouse studies493-497. Further, obesity is generally associated with chronic, low-grade inflammation of 
the adipose tissue which can lead to type-2 diabetes and insulin resistance, and VAT-Tregs have 
recently been discovered to regulate this process445. VAT-Tregs are tissue-resident cells445 whose 
development is dependent on the expression of the transcription factor peroxisome proliferator-
activated receptor gamma (PPAR-γ)498. Genetically obese mice including mice lacking leptin or its 
receptor and mice that are obese due to high-fat diet (HFD) have been shown to have significantly 
reduced numbers of VAT-Tregs445. In addition, obese people have been shown to have reduced 
number of Tregs in peripheral blood compared to non-obese individuals and the reduction in 
circulating Tregs was associated with low-grade systemic inflammation and glucose intolerance499. 
IL-33 signalling and thus the expression of  IL-33 receptor ST2 have recently demonstrated to be 
vital for the development and maintenance of VAT-Tregs444. Furthermore, mice deficient for ST2 
showed decrease in overall proportion and numbers of Tregs and mice deficient in IL-33 displayed 
decrease in VAT-Tregs which led to dysfunctional glucose tolerance and higher insulin resistance in 
both strains compared to WT mice. Interestingly, the expression of ST2 on VAT-Tregs correlated 
with expression of PD-1 and TIGIT. This data and the fact that both PD-1134 and TIGIT214 have been 
associated with Treg suppressive function suggests that adipose tissue Tregs from mice deficient for 
PD-1 or TIGIT might not be able to regulate inflammation and thus metabolism as effectively as their 
WT counterparts leading to weight gain observed in Pdcd1-/-CD96-/-, Pdcd1-/-, Tigit-/-CD96-/- and 
Tigit-/- mice. 
In addition, we observed an increase in Treg numbers and proportions in various organs from Pdcd1-
/-CD96-/- and Pdcd1-/- mice further suggesting that Tregs in these mice are less suppressive compared 
to WT Tregs causing impaired regulation of low-grade inflammation in the adipose tissue. Further, 
given that brown adipocytes have been shown to be the major cell type expressing PD-L1 in naïve 
mice, the PD-1/PD-L1 pathway may also play an important role in the homeostasis of the adipose 
tissue500. Interestingly, Rose et al. recently discovered that the frequency of adipose tissue associated 
CD16+CD56lo and CD16-CD56hi NK cells inversely correlated with body mass index among psoriasis 
patients501. In addition, O’Rourke et al. demonstrated that the proportion of CD56lo NK cells was 
lower in the adipose tissue of obese compared to lean individuals502.  Accordingly, we observed a 
decrease in NK cells in various organs from in Pdcd1-/-CD96-/- and Pdcd1-/- mice. It would be of 
interest to assess the proportions and numbers of Tregs and NK cells specifically in the adipose tissue 
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of Pdcd1-/- and Tigit-/- mice. Furthermore, suppression assays for Tregs isolated from Pdcd1-/- and 
Tigit-/- mice along with reconstitution of Pdcd1-/- and Tigit-/- mice with WT Tregs could reveal the 
significance of Pdcd1-/- and Tigit-/- Tregs for obesity and thus for the regulation of metabolism. An 
assessment of the level of leptin, cholesterol and TNFα in the sera along with glucose challenge and 
insulin-tolerance tests should be performed to reveal whether the obesity observed in Pdcd1-/- and 
Tigit-/- mice is associated with a metabolic syndrome. Furthermore, given that loss of PD-1 on a NOD 
background can accelerate the development of T1D120 and the recent studies linking new-onset 
insulin-dependent diabetes in anti-PD-1 mAb-treated patients440, 441, it would be useful to further 
assess the effects of PD-1 and TIGIT in metabolism. Of interest, deficiency of CD96 did not cause 
weight gain in CD96-/- mice suggesting that CD96 is not directly associated in regulating metabolism. 
Why TIGIT and CD96 should be different in this respect is not clear, but based on our results, CD96 
is generally not as highly expressed on Tregs in inflammatory sites such as tumors, as TIGIT. 
While many patients routinely develop resistance to conventional cancer therapies, responses to ICB 
are more commonly associated with durable responses suggesting resilient immunological 
memory503. However, evidence of acquired resistance and hence late relapses are now being observed 
among clinical trial patients that have received immune checkpoint inhibitors and who have now been 
followed for a long period of time504. These resistance mechanisms are still poorly understood but at 
least mutations causing unresponsiveness to IFNγ, loss of MHC class I cell surface expression and 
upregulation of alternative immune checkpoint pathways have been associated with late relapses426, 
505. Koyama et al. observed an upregulation of surrogate immune checkpoint receptors, notably Tim-
3, in the tumor microenvironment following initial response to anti-PD-1 mAb therapy in mouse 
models of lung carcinoma426. In addition, the same study demonstrated similar upregulation of TIM-
3 on T cells in pleural specimens from two NSCLC patients who initially responded to anti-PD-1 
therapy but later experienced disease relapse. Interestingly, we observed upregulation of TIGIT on T 
cells from mice that were deficient for PD-1 suggesting a possible mechanism of resistance for loss 
of PD-1. Furthermore, the increase in TIGIT expression was more significant in Pdcd1-/-CD96-/- mice 
compared to Pdcd1-/- mice suggesting that loss of two inhibitory receptors causes further increase in 
resistance mechanisms compared to loss of only one receptor. Similar to our results, Chauvin et al. 
demonstrated that TIGIT became upregulated on melanoma patient peripheral blood T cells following 
melanoma antigen (NY-ESO-1 157-165 peptide) stimulation in the presence of anti-PD-1 mAbs218. 
In addition, tumor-infiltrating CD8+ T cells from melanoma patients displayed downregulation of 
DNAM-1 suggesting an imbalance in the expression of TIGIT and DNAM-1 in melanomas. 
Interestingly, in addition to changes in TIGIT expression in Pdcd1-/- and Pdcd1-/-CD96-/- mice, we 
also observed a decrease in the proportion of DNAM-1+ CD8+ T cells in mice deficient for PD-1 
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compared to WT mice suggesting yet another resistance mechanism during PD-1 deficiency. By 
contrast, Wang et al. recently demonstrated an upregulation of DNAM-1 on CD8+ T cells derived 
from tumor bearing mice following PD-1 blockade464. However, the DNAM-1 upregulation was only 
observed on tumor antigen-specific CD8+ T cells while we looked at CD8+ T cell population as a 
whole. Alltogether, these and our results suggest that co-targeting TIGIT and PD-1 might be 
beneficial in the context of cancer. Indeed, co-blockade of TIGIT and PD-1/PD-L1 enhanced CD8+ 
T cells effector function resulting in significant tumor suppression in different mouse tumor 
models210, 217. Furthermore, co-blockade of TIGIT and PD-1 increased the proliferation of CD8+ TILs 
isolated from metastatic melanoma tumors compared to either monotherapy218.  It would be of interest 
to assess whether TIGIT also becomes upregulated in patients with other malignancies that have 
received anti-PD-1 mAb therapy or in pre-clinical tumor models following anti-PD-1 and anti-PD-
1/anti-CD96 mAb therapy. However, careful evaluation of the development of irAEs should be 
performed if TIGIT and PD-1 were to be targeted in combination.     
Given that a substantial number of patients do not respond to single-agent or PD-1/CTLA-4 
combination blockade, there is a vital need to identify biomarkers that could guide patient selection 
and to predict treatment efficacy. The association of PD-L1 expression in the tumor 
microenvironment266, 274, 275, composition and location of TILs158, 274 and mutational load157, 266, 271, 279 
in response to PD-1 blockade have been extensively studied.  Recently, the importance of the 
expression of co-stimulator receptor CD28 was demonstrated for effective PD-1 blockade285, 286 
which highlighted the importance of a deep understanding of the mechanism of action of immune 
checkpoint pathways in order to tailor correct therapy for each tumor. In addition, new 
immunotherapies targeting other immune checkpoint pathways are constantly being tested in pre-
clinical and clinical trials and the need to find new biomarkers increases accordingly. A lot is yet to 
be discovered about the mechanism of action of CD96 and TIGIT signalling pathways. Hui et al. 
demonstrated that the tyrosine phosphatase Shp-2 was the major effector of PD-1 signalling that 
bound to CD28 while no Shp-2 recruitment was observed for TIGIT signalling285. This suggests that 
CD28 expression on tumor infiltrating T cells might not be crucial for effective anti-TIGIT mAb 
therapy. In addition, we found that mice deficient for both PD-1 and CD96 showed increased 
resistance to subcutaneous tumor models where both CD8+ T cells and NK cells were important in 
controlling tumor growth (SM1WT1 and MCA1956). In other subcutaneous tumor models which 
were mostly controlled by CD8+ T cells (MC38 and AT3) and where PD-1 was the dominant 
immunosuppressive pathway, Pdcd1-/-CD96-/- mice showed no increase in tumor resistance compared 
to Pdcd1-/- mice. In addition, previous studies have demonstrated that CD96-/- mice show resistance 
to MCA-induced fibrosarcoma and experimental lung metastases176, 181, both of which have been 
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demonstrated to be controlled by NK cells463, 506. Furthermore, mouse anti-CD96 mAb has 
demonstrated having anti-tumor efficacy against mouse experimental and spontaneous lung 
metastases and this anti-tumor efficacy was dependent on NK cells181, 182. These results indicate that 
one biomarker for response to CD96 or PD-1/CD96 blockade could be a tumor microenvironment 
where NK cells or CD8+ T cells together with NK cells play an important effector cell role. It would 
be of interest to assess if this hypothesis holds true for other NK cell controlled subcutaneous tumor 
models besides SM1WT1 and MCA1956.  
The anti-tumor resistance against SM1WT1 tumors was associated with significant increase in CD8+ 
T cells in TILs from Pdcd1-/-CD96-/- compared to TILs generated from WT, Pdcd1-/- or CD96-/- mice. 
This resulted in an increased ratio of CD8+ T cells to Tregs or CD11b+GR-1hi myeloid cells. Besides 
suppressing aberrant immune responses against self-antigens, Tregs also suppress anti-tumor immune 
responses in cancer patients and high Treg infiltration in tumor tissues often correlates with poor 
prognosis31, 459. Several pre-clinical studies have demonstrated that increased CD8+ T cell to Treg 
ratio correlates with increased tumor suppression431, 460, 461. Increased CD8+ T cell to Treg ratio has 
also been shown to be clinically relevant and to correlate with improved survival in cancer patients458, 
459. Interestingly, Juneja et al. suggested that increased CD8+ T cell to Treg ratio in MC38 tumor-
bearing Pdcd1-/- mice seemed to be due to increased CD8+ T cell infiltration into tumors rather than 
enhanced proliferation, based on Ki67 expression, of CD8+ T cells431. On the contrary, we observed 
increased proportion of Ki67+ CD8+ T cells in TILs derived from SM1WT1 tumor-bearing Pdcd1-/- 
and Pdcd1-/-CD96-/- mice compared to WT mice. This data suggested that targeting PD-1 and CD96 
in combination may increase intra-tumor CD8+ T cell proliferation. In addition, since increased Ki67 
expression was only observed in tumor-infiltrating but not on splenic CD8+ T cells, it could further 
suggest that targeting PD-1 and CD96 in combination has more local effect on tumors decreasing the 
risk of systemic CD8+ T cell activation and thus irAEs. Besides Tregs, increase in MDSCs in tumors 
has been associated with poor survival in patients with various solid malignancies44. In addition, a 
recent study demonstrated that low T cell to MDSC ratio in urine correlated with decreased 
recurrence-free survival compared to high T cell to MDSC ratio among patients with bladder 
cancer507. We observed significantly lower proportion of CD11b+GR-1hi cells in Pdcd1-/-CD96-/- 
compared to WT mice. However, in vitro suppression assays would be necessary to confirm that these 
CD11b+GR-1hi cells truly are MDSCs. In addition, given that SM1WT1 tumor-infiltrating C11b+GR-
1+ cells expressed both PD-L1 and CD155, it would be of interest to assess whether the systemic loss 
of PD-1 and CD96 affects the function of MDSCs. Future experiments should also be aimed to assess 
whether the observed increase in tumor-infiltrating CD8+ T cells in SM1WT1-bearing Pdcd1-/-CD96-
/- mice is also associated with increase in tumor-specific T cell infiltration.  
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Given the high expression of inhibitory receptors including CTLA-4, PD-1 and LAG-3 on Tregs, it 
has been suggested that certain mAbs targeting immune checkpoint receptors might at least partly 
deliver their anti-tumor efficacy via depleting Tregs31. Within tumor tissue samples derived from 
bladder cancer patients, a lower frequency of CD4+FOXP3+ T cells was observed in samples treated 
with ipilimumab compared to untreated samples508 suggesting that the anti-tumor efficacy of 
ipilimumab might be at least partly mediated via reducing Tregs in the tumor tissue. It remains to be 
determined whether other mAbs targeting immune checkpoint receptors will also demonstrate Treg 
depleting efficacy. Interestingly, Asano et al. recently demonstrated that low-dose IL-2 therapy 
increased Treg numbers and enhanced their PD-1 expression in WT mice while PD-1 blockade 
reversed these effects and promoted Treg apoptosis509. Similarly, PD-1 upregulation on Tregs was 
also observed in peripheral blood samples obtained from patients with chronic GVHD receiving low-
dose IL-2 therapy. This data suggests that anti-PD-1 mAb therapy might reduce Treg numbers in 
situations where PD-1 expression is upregulated on Tregs. We observed that proportion of cells 
expressing PD-1 was higher among CD8+ and CD4+ Teff cells compared to Tregs in TILs derived 
from WT mice challenged with SM1WT1 or MC38 subcutaneous tumors. In these tumor 
microenvironments, immunotherapy targeting PD-1/PD-L1 pathway will most likely operate via 
effector blockade instead of reducing Treg numbers. In addition, TIGIT has been shown to be 
upregulated in tumor-infiltrating Tregs in certain mouse tumor models214. We also observed TIGIT 
expression on BM and spleen Tregs isolated from MM-bearing mice. Surprisingly, we did not observe 
a decrease in Treg proportions or numbers in anti-TIGIT IgG2a-treated compared to cIg-treated mice. 
However, given the fast Treg turn-over in the BM and the late time-point of our analysis, it is likely 
that evidence of the Treg-depleting capacity of anti-TIGIT IgG2a had disappeared at this time point. 
Improvements in MM therapies have significantly increased ORR during the last few years but still 
most patients eventually succumb to the disease. In addition, as patients receive multiple therapies, 
each new round of therapy is associated with shallower and shorter response. This is thought to be 
due to clonal evolution of the disease causing that therapy resistant MM cell clones are being selected 
during therapy and eventually become the dominant ones293, 510. This explains why changing therapy 
and even the therapy class may be beneficial for the majority of MM patients. Immunotherapies are 
a new class of drugs that are currently being tested in the treatment of MM. Surprisingly though, both 
nivolumab and ipilimumab failed to show efficacy as a single-agent among advanced MM patients401, 
406. This could raise the question about whether MM patients lack myeloma-specific immune 
responses altogether which are vital for successful immunotherapy. However, malignant PCs derived 
from advanced MM patient BMs have been demonstrated to commonly express several cancer/testis 
antigens including NY-ESO-1, LAGE-1, PRAME, GAGE, MAGE-A6 and MAGE-A1 while no 
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expression was detected on BM cells derived from healthy donors511, 512. This data and the observation 
that myeloma cells are able to act as APCs by expressing antigen-presenting and co-stimulatory 
molecules513 is an encouraging sign for the presence of myeloma-specific immune responses and thus 
supports the use of immunotherapy in the treatment of MM. In addition, CD8+ T cells derived from 
MM patient blood have been shown to be able to recognize cancer/testis antigens in vitro 
demonstrating that functional MM-specific T cells are present in MM patients further supporting the 
use of immunotherapy in the treatment of MM514. Importantly, given that we observed higher T cell 
responses in TIGIT- compared to TIGIT+ CD8+ T cells following MM patients-derived BM CD138- 
cell stimulation with NY-ESO-1, suggests that TIGIT suppresses MM-specific T cell responses and 
supports targeting TIGIT in MM. Future experiments should be targeted to confirm the myeloma-
specificity of MM patient-derived TIGIT+ CD8+ T cells. Further, identification of myeloma-specific 
antigens in murine MM models would be useful in order to study myeloma-specific immunity.  
The failure of PD-1 blockade as a single agent in MM treatment was somewhat surprising, given that 
the expression of both PD-1 and PD-L1 was reported to be upregulated in the MM tumor 
microenvironment391-394, 396, 399. However, our results demonstrated that significantly higher 
proportion of MM patient BM CD8+ T cells expressed TIGIT compared to PD-1 suggesting that 
TIGIT blockade might result in higher response rates compared to PD-1 blockade in the treatment of 
MM. Further, TIGIT expression on MM patient BM CD8+ T cells correlated with decreased effector 
function. In addition, malignant PCs have been reported to upregulate the expression of CD155 and 
CD112 further supporting the targeting of TIGIT471. Indeed, we observed that TIGIT deficiency or 
TIGIT blockade resulted in increased survival and decreased tumor burden in pre-clinical mouse 
models of MM. In addition, TIGIT blockade enhanced BM CD8+ T cell effector function derived 
from MM patients. This data is in concordance with a recent report from Kong et al. showing that 
TIGIT was elevated on peripheral blood CD8+ T cells from AML patients compared to healthy 
individuals and that the expression was associated with lowered effector function220. Further, TIGIT 
knock-down with siRNA resulted in increased cytokine production in peripheral blood CD8+ T cells 
from AML patients further supporting targeting TIGIT in haematological malignancies.  
Recently, two clinical trials in MM involving pembrolizumab were halted by FDA due to increased 
deaths in the pembrolizumab groups378. In these trials, pembrolizumab was combined with 
pomalidomide and dexamethasone which increased the incidence of severe irAEs and thus led to the 
halt of all trials combining ICB with IMiDs. Given that mice deficient for PD-1 have been reported 
to develop strain-specific autoimmunity118, 119 and that nivolumab or pembrolizumab treatment alone 
caused irAEs among patients with various malignancies264-266, 270, one might expect to observe an 
increase in the incidence and severity of irAEs when combining PD-1 blockade with IMiDs. 
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Interestingly, since we did not observe any signs of autoimmunity development in mice deficient for 
TIGIT compared to WT mice, one could speculate that combining TIGIT blockade with IMiDs might 
cause less severe irAEs compared to that observed with the combination of pembrolizumab and 
IMiDs. However, due to the sequence differences in mouse and human cereblon (Crbn) which 
functions as a substrate recognition component of cullin-dependent ubiquitin ligases and is vital for 
the mechanism of action of IMiDs, these drugs are ineffective in mice and thus make IMiD testing 
unavailable with the current mouse models515, 516.  
Drug regimens commonly used in the treatment of MM such as melphalan, bortezomib and 
doxorubicin have been shown to upregulate the expression of CD155 and CD112 on MM cells and 
to lead enhanced MM cell killing by NK cells337, 472. The expression of DNAM-1 has been 
demonstrated to be downregulated in tumor-infiltrating and HIV-1-specific CD8+ T cells during 
metastatic melanoma218 and HIV-1 infection517, respectively. In addition, Guillerey et al. showed that 
DNAM-1 is also downregulated on mouse peripheral blood CD8+ T cells during MM progression332. 
Interestingly, we observed an increased proportion of CD8+ T cells and NK cells expressing DNAM-
1 following successful anti-TIGIT mAb therapy of MM-bearing mice. Several factors have been 
shown to influence the expression of DNAM-1 on T cells and NK cells such as the interaction with 
CD155 expressing DCs518. Also, deficiency or blockade of CD155 in mice can upregulate DNAM-1 
expression on T cells518. In addition, activation of NK cells and T cells for instance with IL-2 can lead 
to increased DNAM-1 expression519. One could speculate that TIGIT blockade enhances CD8+ T cell 
and NK cell activation, and thus upregulation of DNAM-1 expression on the cell surface. It would be 
interesting to assess whether the same phenomenon also takes place in MM patient CD8+ T cells 
following anti-TIGIT mAb therapy.  
We show here that mice deficient for TIGIT displayed resistance and WT mice treated with anti-
TIGIT mAb showed decreased tumor growth following MM challenge with two cell lines derived 
from Vk*MYC mice, Vk12653 and Vk12598. Given the nature of MM disease course with generally 
multiple relapses and therapy rounds with different combinations of drugs, future aims should focus 
on assessing the therapeutic effect of TIGIT blockade in combination with other immunotherapies or 
conventional therapies. Historically, IL-6 has been considered to be a key cytokine for promoting 
MM progression and therapy resistance296. However, a clinical trial comparing the efficacy of 
bortezomib-melphalan-prednisone with or without siltuximab (anti-IL-6 mAb) resulted in only 
limited increase in ORR among MM patients receiving siltuximab520. In addition, no difference in 
overall survival was observed between the two treatment groups. Interestingly, a recent report from 
Nakamura et al. highlighted the importance of IL-18 in MM development521. Mice deficient for IL-
18 displayed significant resistance to MM compared to WT mice and IL-18 blockade also inhibited 
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MM growth in WT mice. In addition, high levels of IL-18 in the BM correlated with decreased overall 
survival among MM patients. Global transcriptomic analysis of CD138- BM aspirates from MM 
patients and in vitro suppression analysis of MM patient MDSCs strongly suggested that IL-18 
induced the generation of MDSCs which negatively regulated T cell responses during MM. Given 
that IL-18 predominantly seems to mediate immunosuppression via myeloid cells while TIGIT seems 
to have more direct effect on T cells, co-blockade of IL-18 and TIGIT could unleash anti-myeloma 
immunity more efficiently than either therapy administered alone. Guillerey et al. demonstrated that 
functional immune system is required for the anti-myeloma efficacy of bortezomib in a mouse model 
of MM332. Therefore, targeting TIGIT in combination with bortezomib could also be a rational 
approach. In addition, given that ASCT is still the standard therapy for transplant-eligible MM 
patients, it would also be useful to assess anti-TIGIT mAb therapy in pre-clinical MM models 
following ASCT. Finally, it was recently demonstrated that RANKL blockade significantly enhanced 
the anti-tumor efficacy of CTLA4 or PD-1/PD-L1 blockade against mouse solid tumors and 
experimental lung metastases522, 523. Given this and the fact that RANK-RANKL interactions play a 
crucial role in MM-induced bone destruction312, it would be rational to combine TIGIT blockade with 
RANKL blockade in the treatment of MM.    
Taken together, this thesis extensively examined the effects of targeting CD96 in combination with 
PD-1 or TIGIT on immune homeostasis, autoimmunity and tumor immunity. No deviation in immune 
homeostasis or further development of autoimmunity was observed in mice deficient for CD96 and 
PD-1 or CD96 and TIGIT compared to mice deficient for PD-1 alone. In addition, mice lacking both 
CD96 and PD-1 displayed enhanced resistance to subcutaneous tumors which were controlled by 
both CD8+ T cells and NK cells. This data strongly encourages to further investigate co-blockade of 
CD96 and PD-1 in cancer therapy. Finally, we showed that TIGIT is a key receptor mediating immune 
suppression in MM patients and in mouse MM models. Our data demonstrate for the first time that 
TIGIT blockade protects mice in two pre-clinical MM models and also improves MM patient CD8+ 
T cell functions. This data provides strong rationale to evaluate TIGIT blockade in MM treatment.     
 
 
 
 
 
285 
 
Bibliography 
1. Nowell PC. The Clonal Evolution of Tumor Cell Populations. Science (New York, NY) 1976; 
194:23-8. 
2. Bertram JS. The molecular biology of cancer. Molecular Aspects of Medicine 2000; 21:167-
223. 
3. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011; 144:646-74. 
4. Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell 2000; 100:57-70. 
5. Fridman WH, Pages F, Sautes-Fridman C, Galon J. The immune contexture in human 
tumours: impact on clinical outcome. Nature reviews Cancer 2012; 12:298-306. 
6. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating immunity's roles in 
cancer suppression and promotion. Science (New York, NY) 2011; 331:1565-70. 
7. Koebel CM, Vermi W, Swann JB, Zerafa N, Rodig SJ, Old LJ, Smyth MJ, Schreiber RD. 
Adaptive immunity maintains occult cancer in an equilibrium state. Nature 2007; 450:903-7. 
8. Mittal D, Gubin MM, Schreiber RD, Smyth MJ. New insights into cancer immunoediting and 
its three component phases--elimination, equilibrium and escape. Current opinion in immunology 
2014; 27:16-25. 
9. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle. Immunity 
2013; 39:1-10. 
10. Munn DH, Bronte V. Immune suppressive mechanisms in the tumor microenvironment. 
Current opinion in immunology 2016; 39:1-6. 
11. Rabinovich GA, Gabrilovich D, Sotomayor EM. Immunosuppressive strategies that are 
mediated by tumor cells. Annual review of immunology 2007; 25:267-96. 
12. Wu AA, Drake V, Huang HS, Chiu S, Zheng L. Reprogramming the tumor 
microenvironment: tumor-induced immunosuppressive factors paralyze T cells. Oncoimmunology 
2015; 4:e1016700. 
13. Wellenstein MD, de Visser KE. Cancer-Cell-Intrinsic Mechanisms Shaping the Tumor 
Immune Landscape. Immunity 2018; 48:399-416. 
14. Li MO, Wan YY, Sanjabi S, Robertson AK, Flavell RA. Transforming growth factor-beta 
regulation of immune responses. Annual review of immunology 2006; 24:99-146. 
15. Kong FM, Anscher MS, Murase T, Abbott BD, Iglehart JD, Jirtle RL. Elevated plasma 
transforming growth factor-beta 1 levels in breast cancer patients decrease after surgical removal of 
the tumor. Annals of surgery 1995; 222:155-62. 
286 
 
16. Desruisseau S, Palmari J, Giusti C, Romain S, Martin PM, Berthois Y. Determination of 
TGFbeta1 protein level in human primary breast cancers and its relationship with survival. British 
journal of cancer 2006; 94:239-46. 
17. Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and immune tolerance. 
Cell 2008; 133:775-87. 
18. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the transcription 
factor Foxp3. Science (New York, NY) 2003; 299:1057-61. 
19. Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, Yasayko SA, Wilkinson JE, 
Galas D, Ziegler SF, Ramsdell F. Disruption of a new forkhead/winged-helix protein, scurfin, results 
in the fatal lymphoproliferative disorder of the scurfy mouse. Nature genetics 2001; 27:68-73. 
20. Ochs HD, Ziegler SF, Torgerson TR. FOXP3 acts as a rheostat of the immune response. 
Immunological reviews 2005; 203:156-64. 
21. Grossman WJ, Verbsky JW, Barchet W, Colonna M, Atkinson JP, Ley TJ. Human T 
regulatory cells can use the perforin pathway to cause autologous target cell death. Immunity 2004; 
21:589-601. 
22. Nakamura K, Kitani A, Strober W. Cell contact-dependent immunosuppression by 
CD4(+)CD25(+) regulatory T cells is mediated by cell surface-bound transforming growth factor 
beta. The Journal of experimental medicine 2001; 194:629-44. 
23. Li M, Lin J, Wang Z, He S, Ma X, Li D. Oxidized low-density lipoprotein-induced 
proinflammatory cytokine response in macrophages are suppressed by CD4CD25(+)Foxp3(+) 
regulatory T cells through downregulating toll like receptor 2-mediated activation of NF-kappaB. 
Cellular physiology and biochemistry : international journal of experimental cellular physiology, 
biochemistry, and pharmacology 2010; 25:649-56. 
24. Cottrez F, Hurst SD, Coffman RL, Groux H. T regulatory cells 1 inhibit a Th2-specific 
response in vivo. Journal of immunology (Baltimore, Md : 1950) 2000; 165:4848-53. 
25. Wrzesinski SH, Wan YY, Flavell RA. Transforming growth factor-beta and the immune 
response: implications for anticancer therapy. Clinical cancer research : an official journal of the 
American Association for Cancer Research 2007; 13:5262-70. 
26. Teng MW, Ritchie DS, Neeson P, Smyth MJ. Biology and clinical observations of regulatory 
T cells in cancer immunology. Curr Top Microbiol Immunol 2011; 344:61-95. 
27. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, Evdemon-Hogan M, Conejo-
Garcia JR, Zhang L, Burow M, et al. Specific recruitment of regulatory T cells in ovarian carcinoma 
fosters immune privilege and predicts reduced survival. Nat Med 2004; 10:942-9. 
287 
 
28. Teng MW, Ngiow SF, von Scheidt B, McLaughlin N, Sparwasser T, Smyth MJ. Conditional 
regulatory T-cell depletion releases adaptive immunity preventing carcinogenesis and suppressing 
established tumor growth. Cancer research 2010; 70:7800-9. 
29. Marabelle A, Kohrt H, Sagiv-Barfi I, Ajami B, Axtell RC, Zhou G, Rajapaksa R, Green MR, 
Torchia J, Brody J, et al. Depleting tumor-specific Tregs at a single site eradicates disseminated 
tumors. The Journal of clinical investigation 2013; 123:2447-63. 
30. Klages K, Mayer CT, Lahl K, Loddenkemper C, Teng MW, Ngiow SF, Smyth MJ, Hamann 
A, Huehn J, Sparwasser T. Selective depletion of Foxp3+ regulatory T cells improves effective 
therapeutic vaccination against established melanoma. Cancer research 2010; 70:7788-99. 
31. Tanaka A, Sakaguchi S. Regulatory T cells in cancer immunotherapy. Cell research 2017; 
27:109-18. 
32. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of the immune 
system. Nature reviews Immunology 2009; 9:162-74. 
33. Najjar YG, Finke JH. Clinical perspectives on targeting of myeloid derived suppressor cells 
in the treatment of cancer. Frontiers in oncology 2013; 3:49. 
34. Bronte V, Brandau S, Chen SH, Colombo MP, Frey AB, Greten TF, Mandruzzato S, Murray 
PJ, Ochoa A, Ostrand-Rosenberg S, et al. Recommendations for myeloid-derived suppressor cell 
nomenclature and characterization standards. Nature communications 2016; 7:12150. 
35. Kumar V, Patel S, Tcyganov E, Gabrilovich DI. The Nature of Myeloid-Derived Suppressor 
Cells in the Tumor Microenvironment. Trends in immunology; 37:208-20. 
36. Serafini P, Meckel K, Kelso M, Noonan K, Califano J, Koch W, Dolcetti L, Bronte V, Borrello 
I. Phosphodiesterase-5 inhibition augments endogenous antitumor immunity by reducing myeloid-
derived suppressor cell function. The Journal of experimental medicine 2006; 203:2691-702. 
37. Suzuki E, Kapoor V, Jassar AS, Kaiser LR, Albelda SM. Gemcitabine selectively eliminates 
splenic Gr-1+/CD11b+ myeloid suppressor cells in tumor-bearing animals and enhances antitumor 
immune activity. Clinical cancer research : an official journal of the American Association for Cancer 
Research 2005; 11:6713-21. 
38. Wang G, Lu X, Dey P, Deng P, Wu CC, Jiang S, Fang Z, Zhao K, Konaparthi R, Hua S, et al. 
Targeting YAP-Dependent MDSC Infiltration Impairs Tumor Progression. Cancer Discov 2016; 
6:80-95. 
39. Ochoa AC, Zea AH, Hernandez C, Rodriguez PC. Arginase, prostaglandins, and myeloid-
derived suppressor cells in renal cell carcinoma. Clinical cancer research : an official journal of the 
American Association for Cancer Research 2007; 13:721s-6s. 
288 
 
40. Almand B, Clark JI, Nikitina E, van Beynen J, English NR, Knight SC, Carbone DP, 
Gabrilovich DI. Increased production of immature myeloid cells in cancer patients: a mechanism of 
immunosuppression in cancer. Journal of immunology (Baltimore, Md : 1950) 2001; 166:678-89. 
41. Diaz-Montero CM, Salem ML, Nishimura MI, Garrett-Mayer E, Cole DJ, Montero AJ. 
Increased circulating myeloid-derived suppressor cells correlate with clinical cancer stage, metastatic 
tumor burden, and doxorubicin-cyclophosphamide chemotherapy. Cancer immunology, 
immunotherapy : CII 2009; 58:49-59. 
42. Eruslanov E, Neuberger M, Daurkin I, Perrin GQ, Algood C, Dahm P, Rosser C, Vieweg J, 
Gilbert SM, Kusmartsev S. Circulating and tumor-infiltrating myeloid cell subsets in patients with 
bladder cancer. International journal of cancer Journal international du cancer 2012; 130:1109-19. 
43. Yu J, Du W, Yan F, Wang Y, Li H, Cao S, Yu W, Shen C, Liu J, Ren X. Myeloid-derived 
suppressor cells suppress antitumor immune responses through IDO expression and correlate with 
lymph node metastasis in patients with breast cancer. Journal of immunology (Baltimore, Md : 1950) 
2013; 190:3783-97. 
44. Zhang S, Ma X, Zhu C, Liu L, Wang G, Yuan X. The Role of Myeloid-Derived Suppressor 
Cells in Patients with Solid Tumors: A Meta-Analysis. PloS one 2016; 11:e0164514. 
45. Weide B, Martens A, Zelba H, Stutz C, Derhovanessian E, Di Giacomo AM, Maio M, Sucker 
A, Schilling B, Schadendorf D, et al. Myeloid-derived suppressor cells predict survival of patients 
with advanced melanoma: comparison with regulatory T cells and NY-ESO-1- or melan-A-specific 
T cells. Clinical cancer research : an official journal of the American Association for Cancer Research 
2014; 20:1601-9. 
46. Engblom C, Pfirschke C, Pittet MJ. The role of myeloid cells in cancer therapies. Nature 
Reviews Cancer 2016; 16:447. 
47. Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng W, Kim D, Nair VS, Xu Y, Khuong 
A, Hoang CD, et al. The prognostic landscape of genes and infiltrating immune cells across human 
cancers. Nat Med 2015; 21:938-45. 
48. Movahedi K, Laoui D, Gysemans C, Baeten M, Stange G, Van den Bossche J, Mack M, 
Pipeleers D, In't Veld P, De Baetselier P, et al. Different tumor microenvironments contain 
functionally distinct subsets of macrophages derived from Ly6C(high) monocytes. Cancer research 
2010; 70:5728-39. 
49. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nature 
reviews Immunology 2013; 13:227-42. 
50. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nature reviews 
Cancer 2012; 12:252-64. 
289 
 
51. Brunet JF, Denizot F, Luciani MF, Roux-Dosseto M, Suzan M, Mattei MG, Golstein P. A 
new member of the immunoglobulin superfamily--CTLA-4. Nature 1987; 328:267-70. 
52. Dariavach P, Mattei MG, Golstein P, Lefranc MP. Human Ig superfamily CTLA-4 gene: 
chromosomal localization and identity of protein sequence between murine and human CTLA-4 
cytoplasmic domains. European journal of immunology 1988; 18:1901-5. 
53. Harper K, Balzano C, Rouvier E, Mattei MG, Luciani MF, Golstein P. CTLA-4 and CD28 
activated lymphocyte molecules are closely related in both mouse and human as to sequence, message 
expression, gene structure, and chromosomal location. Journal of immunology (Baltimore, Md : 
1950) 1991; 147:1037-44. 
54. Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, Sakaguchi N, Mak TW, Sakaguchi 
S. Immunologic self-tolerance maintained by CD25(+)CD4(+) regulatory T cells constitutively 
expressing cytotoxic T lymphocyte-associated antigen 4. The Journal of experimental medicine 2000; 
192:303-10. 
55. Read S, Malmstrom V, Powrie F. Cytotoxic T lymphocyte-associated antigen 4 plays an 
essential role in the function of CD25(+)CD4(+) regulatory cells that control intestinal inflammation. 
The Journal of experimental medicine 2000; 192:295-302. 
56. Kavanagh B, O'Brien S, Lee D, Hou Y, Weinberg V, Rini B, Allison JP, Small EJ, Fong L. 
CTLA4 blockade expands FoxP3+ regulatory and activated effector CD4+ T cells in a dose-
dependent fashion. Blood 2008; 112:1175-83. 
57. Freeman GJ, Lombard DB, Gimmi CD, Brod SA, Lee K, Laning JC, Hafler DA, Dorf ME, 
Gray GS, Reiser H, et al. CTLA-4 and CD28 mRNA are coexpressed in most T cells after activation. 
Expression of CTLA-4 and CD28 mRNA does not correlate with the pattern of lymphokine 
production. Journal of immunology (Baltimore, Md : 1950) 1992; 149:3795-801. 
58. Lindsten T, Lee KP, Harris ES, Petryniak B, Craighead N, Reynolds PJ, Lombard DB, 
Freeman GJ, Nadler LM, Gray GS, et al. Characterization of CTLA-4 structure and expression on 
human T cells. Journal of immunology (Baltimore, Md : 1950) 1993; 151:3489-99. 
59. Kuiper HM, Brouwer M, Linsley PS, van Lier RA. Activated T cells can induce high levels 
of CTLA-4 expression on B cells. Journal of immunology (Baltimore, Md : 1950) 1995; 155:1776-
83. 
60. Wang XB, Giscombe R, Yan Z, Heiden T, Xu D, Lefvert AK. Expression of CTLA-4 by 
human monocytes. Scandinavian journal of immunology 2002; 55:53-60. 
61. Linsley PS, Nadler SG, Bajorath J, Peach R, Leung HT, Rogers J, Bradshaw J, Stebbins M, 
Leytze G, Brady W, et al. Binding stoichiometry of the cytotoxic T lymphocyte-associated molecule-
4 (CTLA-4). A disulfide-linked homodimer binds two CD86 molecules. The Journal of biological 
chemistry 1995; 270:15417-24. 
290 
 
62. Sansom DM. CD28, CTLA-4 and their ligands: who does what and to whom? Immunology 
2000; 101:169-77. 
63. Tivol EA, Borriello F, Schweitzer AN, Lynch WP, Bluestone JA, Sharpe AH. Loss of CTLA-
4 leads to massive lymphoproliferation and fatal multiorgan tissue destruction, revealing a critical 
negative regulatory role of CTLA-4. Immunity 1995; 3:541-7. 
64. Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A, Lee KP, Thompson CB, 
Griesser H, Mak TW. Lymphoproliferative disorders with early lethality in mice deficient in Ctla-4. 
Science (New York, NY) 1995; 270:985-8. 
65. Walunas TL, Lenschow DJ, Bakker CY, Linsley PS, Freeman GJ, Green JM, Thompson CB, 
Bluestone JA. CTLA-4 can function as a negative regulator of T cell activation. Immunity 1994; 
1:405-13. 
66. Krummel MF, Allison JP. CD28 and CTLA-4 have opposing effects on the response of T 
cells to stimulation. The Journal of experimental medicine 1995; 182:459-65. 
67. Kearney ER, Walunas TL, Karr RW, Morton PA, Loh DY, Bluestone JA, Jenkins MK. 
Antigen-dependent clonal expansion of a trace population of antigen-specific CD4+ T cells in vivo 
is dependent on CD28 costimulation and inhibited by CTLA-4. Journal of immunology (Baltimore, 
Md : 1950) 1995; 155:1032-6. 
68. Linsley PS, Brady W, Urnes M, Grosmaire LS, Damle NK, Ledbetter JA. CTLA-4 is a second 
receptor for the B cell activation antigen B7. The Journal of experimental medicine 1991; 174:561-
9. 
69. Linsley PS, Greene JL, Brady W, Bajorath J, Ledbetter JA, Peach R. Human B7-1 (CD80) 
and B7-2 (CD86) bind with similar avidities but distinct kinetics to CD28 and CTLA-4 receptors. 
Immunity 1994; 1:793-801. 
70. Krummel MF, Allison JP. CTLA-4 engagement inhibits IL-2 accumulation and cell cycle 
progression upon activation of resting T cells. The Journal of experimental medicine 1996; 183:2533-
40. 
71. Walunas TL, Bakker CY, Bluestone JA. CTLA-4 ligation blocks CD28-dependent T cell 
activation. The Journal of experimental medicine 1996; 183:2541-50. 
72. Ise W, Kohyama M, Nutsch KM, Lee HM, Suri A, Unanue ER, Murphy TL, Murphy KM. 
CTLA-4 suppresses the pathogenicity of self antigen-specific T cells by cell-intrinsic and cell-
extrinsic mechanisms. Nature immunology 2010; 11:129-35. 
73. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, Nomura T, 
Sakaguchi S. CTLA-4 control over Foxp3+ regulatory T cell function. Science (New York, NY) 
2008; 322:271-5. 
291 
 
74. Karandikar NJ, Vanderlugt CL, Walunas TL, Miller SD, Bluestone JA. CTLA-4: a negative 
regulator of autoimmune disease. The Journal of experimental medicine 1996; 184:783-8. 
75. Luhder F, Hoglund P, Allison JP, Benoist C, Mathis D. Cytotoxic T lymphocyte-associated 
antigen 4 (CTLA-4) regulates the unfolding of autoimmune diabetes. The Journal of experimental 
medicine 1998; 187:427-32. 
76. Schubert D, Bode C, Kenefeck R, Hou TZ, Wing JB, Kennedy A, Bulashevska A, Petersen 
BS, Schaffer AA, Gruning BA, et al. Autosomal dominant immune dysregulation syndrome in 
humans with CTLA4 mutations. Nat Med 2014; 20:1410-6. 
77. Kuehn HS, Ouyang W, Lo B, Deenick EK, Niemela JE, Avery DT, Schickel JN, Tran DQ, 
Stoddard J, Zhang Y, et al. Immune dysregulation in human subjects with heterozygous germline 
mutations in CTLA4. Science (New York, NY) 2014; 345:1623-7. 
78. Awata T, Kurihara S, Iitaka M, Takei S, Inoue I, Ishii C, Negishi K, Izumida T, Yoshida Y, 
Hagura R, et al. Association of CTLA-4 gene A-G polymorphism (IDDM12 locus) with acute-onset 
and insulin-depleted IDDM as well as autoimmune thyroid disease (Graves' disease and Hashimoto's 
thyroiditis) in the Japanese population. Diabetes 1998; 47:128-9. 
79. Kavvoura FK, Ioannidis JP. CTLA-4 gene polymorphisms and susceptibility to type 1 
diabetes mellitus: a HuGE Review and meta-analysis. American journal of epidemiology 2005; 
162:3-16. 
80. Leach DR, Krummel MF, Allison JP. Enhancement of antitumor immunity by CTLA-4 
blockade. Science (New York, NY) 1996; 271:1734-6. 
81. Kwon ED, Hurwitz AA, Foster BA, Madias C, Feldhaus AL, Greenberg NM, Burg MB, 
Allison JP. Manipulation of T cell costimulatory and inhibitory signals for immunotherapy of prostate 
cancer. Proceedings of the National Academy of Sciences of the United States of America 1997; 
94:8099-103. 
82. Yang YF, Zou JP, Mu J, Wijesuriya R, Ono S, Walunas T, Bluestone J, Fujiwara H, Hamaoka 
T. Enhanced induction of antitumor T-cell responses by cytotoxic T lymphocyte-associated molecule-
4 blockade: the effect is manifested only at the restricted tumor-bearing stages. Cancer research 1997; 
57:4036-41. 
83. Paradis TJ, Floyd E, Burkwit J, Cole SH, Brunson B, Elliott E, Gilman S, Gladue RP. The 
anti-tumor activity of anti-CTLA-4 is mediated through its induction of IFN gamma. Cancer 
immunology, immunotherapy : CII 2001; 50:125-33. 
84. Agata Y, Kawasaki A, Nishimura H, Ishida Y, Tsubat T, Yagita H, Honjo T. Expression of 
the PD-1 antigen on the surface of stimulated mouse T and B lymphocytes. International immunology 
1996; 8:765-72. 
292 
 
85. Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of PD-1, a novel member of 
the immunoglobulin gene superfamily, upon programmed cell death. The EMBO journal 1992; 
11:3887-95. 
86. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance and immunity. 
Annual review of immunology 2008; 26:677-704. 
87. Zhang X, Schwartz JC, Guo X, Bhatia S, Cao E, Lorenz M, Cammer M, Chen L, Zhang ZY, 
Edidin MA, et al. Structural and functional analysis of the costimulatory receptor programmed death-
1. Immunity 2004; 20:337-47. 
88. Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL. SHP-1 and SHP-2 associate with 
immunoreceptor tyrosine-based switch motif of programmed death 1 upon primary human T cell 
stimulation, but only receptor ligation prevents T cell activation. Journal of immunology (Baltimore, 
Md : 1950) 2004; 173:945-54. 
89. Okazaki T, Maeda A, Nishimura H, Kurosaki T, Honjo T. PD-1 immunoreceptor inhibits B 
cell receptor-mediated signaling by recruiting src homology 2-domain-containing tyrosine 
phosphatase 2 to phosphotyrosine. Proceedings of the National Academy of Sciences of the United 
States of America 2001; 98:13866-71. 
90. Shinohara T, Taniwaki M, Ishida Y, Kawaichi M, Honjo T. Structure and Chromosomal 
Localization of the Human PD-1 Gene (PDCD1). Genomics 1994; 23:704-6. 
91. Okazaki T, Honjo T. PD-1 and PD-1 ligands: from discovery to clinical application. 
International immunology 2007; 19:813-24. 
92. Finger LR, Pu J, Wasserman R, Vibhakar R, Louie E, Hardy RR, Burrows PD, Billips LG. 
The human PD-1 gene: complete cDNA, genomic organization, and developmentally regulated 
expression in B cell progenitors. Gene 1997; 197:177-87. 
93. Nielsen C, Ohm-Laursen L, Barington T, Husby S, Lillevang ST. Alternative splice variants 
of the human PD-1 gene. Cellular Immunology 2005; 235:109-16. 
94. Simone R, Brizzolara R, Chiappori A, Milintenda-Floriani F, Natale C, Greco L, Schiavo M, 
Bagnasco M, Pesce G, Saverino D. A functional soluble form of CTLA-4 is present in the serum of 
celiac patients and correlates with mucosal injury. International immunology 2009; 21:1037-45. 
95. Oaks MK, Hallett KM, Penwell RT, Stauber EC, Warren SJ, Tector AJ. A native soluble form 
of CTLA-4. Cell Immunol 2000; 201:144-53. 
96. Nishimura H, Agata Y, Kawasaki A, Sato M, Imamura S, Minato N, Yagita H, Nakano T, 
Honjo T. Developmentally regulated expression of the PD-1 protein on the surface of double-negative 
(CD4-CD8-) thymocytes. International immunology 1996; 8:773-80. 
293 
 
97. Yamazaki T, Akiba H, Iwai H, Matsuda H, Aoki M, Tanno Y, Shin T, Tsuchiya H, Pardoll 
DM, Okumura K, et al. Expression of Programmed Death 1 Ligands by Murine T Cells and APC. 
The Journal of Immunology 2002; 169:5538-45. 
98. Benson DM, Jr., Bakan CE, Mishra A, Hofmeister CC, Efebera Y, Becknell B, Baiocchi RA, 
Zhang J, Yu J, Smith MK, et al. The PD-1/PD-L1 axis modulates the natural killer cell versus multiple 
myeloma effect: a therapeutic target for CT-011, a novel monoclonal anti-PD-1 antibody. Blood 
2010; 116:2286-94. 
99. Terme M, Ullrich E, Aymeric L, Meinhardt K, Desbois M, Delahaye N, Viaud S, Ryffel B, 
Yagita H, Kaplanski G, et al. IL-18 induces PD-1-dependent immunosuppression in cancer. Cancer 
research 2011; 71:5393-9. 
100. Parekh VV, Lalani S, Kim S, Halder R, Azuma M, Yagita H, Kumar V, Wu L, Kaer LV. PD-
1/PD-L blockade prevents anergy induction and enhances the anti-tumor activities of glycolipid-
activated invariant NKT cells. Journal of immunology (Baltimore, Md : 1950) 2009; 182:2816-26. 
101. Lim TS, Chew V, Sieow JL, Goh S, Yeong JP, Soon AL, Ricciardi-Castagnoli P. PD-1 
expression on dendritic cells suppresses CD8(+) T cell function and antitumor immunity. 
Oncoimmunology 2016; 5:e1085146. 
102. Yao S, Wang S, Zhu Y, Luo L, Zhu G, Flies S, Xu H, Ruff W, Broadwater M, Choi IH, et al. 
PD-1 on dendritic cells impedes innate immunity against bacterial infection. Blood 2009; 113:5811-
8. 
103. Huang X, Venet F, Wang YL, Lepape A, Yuan Z, Chen Y, Swan R, Kherouf H, Monneret G, 
Chung C-S, et al. PD-1 expression by macrophages plays a pathologic role in altering microbial 
clearance and the innate inflammatory response to sepsis. Proceedings of the National Academy of 
Sciences 2009; 106:6303-8. 
104. Gordon SR, Maute RL, Dulken BW, Hutter G, George BM, McCracken MN, Gupta R, Tsai 
JM, Sinha R, Corey D, et al. PD-1 expression by tumour-associated macrophages inhibits 
phagocytosis and tumour immunity. Nature 2017; 545:495-9. 
105. Dong H, Zhu G, Tamada K, Chen L. B7-H1, a third member of the B7 family, co-stimulates 
T-cell proliferation and interleukin-10 secretion. Nat Med 1999; 5:1365-9. 
106. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, Fitz LJ, Malenkovich 
N, Okazaki T, Byrne MC, et al. Engagement of the PD-1 immunoinhibitory receptor by a novel B7 
family member leads to negative regulation of lymphocyte activation. The Journal of experimental 
medicine 2000; 192:1027-34. 
107. Brown JA, Dorfman DM, Ma FR, Sullivan EL, Munoz O, Wood CR, Greenfield EA, Freeman 
GJ. Blockade of programmed death-1 ligands on dendritic cells enhances T cell activation and 
cytokine production. Journal of immunology (Baltimore, Md : 1950) 2003; 170:1257-66. 
294 
 
108. Carter L, Fouser LA, Jussif J, Fitz L, Deng B, Wood CR, Collins M, Honjo T, Freeman GJ, 
Carreno BM. PD-1:PD-L inhibitory pathway affects both CD4(+) and CD8(+) T cells and is 
overcome by IL-2. European journal of immunology 2002; 32:634-43. 
109. Rodig N, Ryan T, Allen JA, Pang H, Grabie N, Chernova T, Greenfield EA, Liang SC, Sharpe 
AH, Lichtman AH, et al. Endothelial expression of PD-L1 and PD-L2 down-regulates CD8+ T cell 
activation and cytolysis. European journal of immunology 2003; 33:3117-26. 
110. Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freeman GJ. Programmed death-1 ligand 1 
interacts specifically with the B7-1 costimulatory molecule to inhibit T cell responses. Immunity 
2007; 27:111-22. 
111. Latchman Y, Wood CR, Chernova T, Chaudhary D, Borde M, Chernova I, Iwai Y, Long AJ, 
Brown JA, Nunes R, et al. PD-L2 is a second ligand for PD-1 and inhibits T cell activation. Nature 
immunology 2001; 2:261-8. 
112. Tseng SY, Otsuji M, Gorski K, Huang X, Slansky JE, Pai SI, Shalabi A, Shin T, Pardoll DM, 
Tsuchiya H. B7-DC, a new dendritic cell molecule with potent costimulatory properties for T cells. 
The Journal of experimental medicine 2001; 193:839-46. 
113. Xiao Y, Yu S, Zhu B, Bedoret D, Bu X, Francisco LM, Hua P, Duke-Cohan JS, Umetsu DT, 
Sharpe AH, et al. RGMb is a novel binding partner for PD-L2 and its engagement with PD-L2 
promotes respiratory tolerance. The Journal of experimental medicine 2014; 211:943-59. 
114. Liang SC, Latchman YE, Buhlmann JE, Tomczak MF, Horwitz BH, Freeman GJ, Sharpe AH. 
Regulation of PD-1, PD-L1, and PD-L2 expression during normal and autoimmune responses. 
European journal of immunology 2003; 33:2706-16. 
115. Zhong X, Tumang JR, Gao W, Bai C, Rothstein TL. PD-L2 expression extends beyond 
dendritic cells/macrophages to B1 cells enriched for V(H)11/V(H)12 and phosphatidylcholine 
binding. European journal of immunology 2007; 37:2405-10. 
116. Buddhisa S, Rinchai D, Ato M, Bancroft GJ, Lertmemongkolchai G. Programmed Death 
Ligand 1 on Burkholderia pseudomallei–Infected Human Polymorphonuclear Neutrophils Impairs T 
Cell Functions. The Journal of Immunology 2015; 194:4413-21. 
117. Nishimura H, Minato N, Nakano T, Honjo T. Immunological studies on PD-1 deficient mice: 
implication of PD-1 as a negative regulator for B cell responses. International immunology 1998; 
10:1563-72. 
118. Nishimura H, Nose M, Hiai H, Minato N, Honjo T. Development of lupus-like autoimmune 
diseases by disruption of the PD-1 gene encoding an ITIM motif-carrying immunoreceptor. Immunity 
1999; 11:141-51. 
295 
 
119. Nishimura H, Okazaki T, Tanaka Y, Nakatani K, Hara M, Matsumori A, Sasayama S, 
Mizoguchi A, Hiai H, Minato N, et al. Autoimmune dilated cardiomyopathy in PD-1 receptor-
deficient mice. Science (New York, NY) 2001; 291:319-22. 
120. Wang J, Yoshida T, Nakaki F, Hiai H, Okazaki T, Honjo T. Establishment of NOD-Pdcd1-/- 
mice as an efficient animal model of type I diabetes. Proceedings of the National Academy of 
Sciences of the United States of America 2005; 102:11823-8. 
121. Okazaki T, Okazaki IM, Wang J, Sugiura D, Nakaki F, Yoshida T, Kato Y, Fagarasan S, 
Muramatsu M, Eto T, et al. PD-1 and LAG-3 inhibitory co-receptors act synergistically to prevent 
autoimmunity in mice. The Journal of experimental medicine 2011; 208:395-407. 
122. Woo SR, Turnis ME, Goldberg MV, Bankoti J, Selby M, Nirschl CJ, Bettini ML, Gravano 
DM, Vogel P, Liu CL, et al. Immune inhibitory molecules LAG-3 and PD-1 synergistically regulate 
T-cell function to promote tumoral immune escape. Cancer research 2012; 72:917-27. 
123. Liu J, Yuan Y, Chen W, Putra J, Suriawinata AA, Schenk AD, Miller HE, Guleria I, Barth 
RJ, Huang YH, et al. Immune-checkpoint proteins VISTA and PD-1 nonredundantly regulate murine 
T-cell responses. Proceedings of the National Academy of Sciences of the United States of America 
2015. 
124. Keir ME, Latchman YE, Freeman GJ, Sharpe AH. Programmed death-1 (PD-1):PD-ligand 1 
interactions inhibit TCR-mediated positive selection of thymocytes. Journal of immunology 
(Baltimore, Md : 1950) 2005; 175:7372-9. 
125. Keir ME, Freeman GJ, Sharpe AH. PD-1 regulates self-reactive CD8+ T cell responses to 
antigen in lymph nodes and tissues. Journal of immunology (Baltimore, Md : 1950) 2007; 179:5064-
70. 
126. Nishimura H, Honjo T, Minato N. Facilitation of beta selection and modification of positive 
selection in the thymus of PD-1-deficient mice. The Journal of experimental medicine 2000; 191:891-
8. 
127. Probst HC, McCoy K, Okazaki T, Honjo T, van den Broek M. Resting dendritic cells induce 
peripheral CD8+ T cell tolerance through PD-1 and CTLA-4. Nature immunology 2005; 6:280-6. 
128. Blank C, Brown I, Marks R, Nishimura H, Honjo T, Gajewski TF. Absence of programmed 
death receptor 1 alters thymic development and enhances generation of CD4/CD8 double-negative 
TCR-transgenic T cells. Journal of immunology (Baltimore, Md : 1950) 2003; 171:4574-81. 
129. Yokosuka T, Takamatsu M, Kobayashi-Imanishi W, Hashimoto-Tane A, Azuma M, Saito T. 
Programmed cell death 1 forms negative costimulatory microclusters that directly inhibit T cell 
receptor signaling by recruiting phosphatase SHP2. The Journal of experimental medicine 2012; 
209:1201-17. 
296 
 
130. Patsoukis N, Brown J, Petkova V, Liu F, Li L, Boussiotis VA. Selective Effects of PD-1 on 
Akt and Ras Pathways Regulate Molecular Components of the Cell Cycle and Inhibit T Cell 
Proliferation. Science Signaling 2012; 5:ra46-ra. 
131. Good-Jacobson KL, Szumilas CG, Chen L, Sharpe AH, Tomayko MM, Shlomchik MJ. PD-
1 regulates germinal center B cell survival and the formation and affinity of long-lived plasma cells. 
Nature immunology 2010; 11:535-42. 
132. Chen X, Fosco D, Kline DE, Meng L, Nishi S, Savage PA, Kline J. PD-1 regulates 
extrathymic regulatory T-cell differentiation. European journal of immunology 2014; 44:2603-16. 
133. Francisco LM, Salinas VH, Brown KE, Vanguri VK, Freeman GJ, Kuchroo VK, Sharpe AH. 
PD-L1 regulates the development, maintenance, and function of induced regulatory T cells. The 
Journal of experimental medicine 2009; 206:3015-29. 
134. Park HJ, Park JS, Jeong YH, Son J, Ban YH, Lee B-H, Chen L, Chang J, Chung DH, Choi I, 
et al. PD-1 Upregulated on Regulatory T Cells during Chronic Virus Infection Enhances the 
Suppression of CD8+ T Cell Immune Response via the Interaction with PD-L1 Expressed on CD8+ 
T Cells. The Journal of Immunology 2015. 
135. Zhou Q, Munger ME, Highfill SL, Tolar J, Weigel BJ, Riddle M, Sharpe AH, Vallera DA, 
Azuma M, Levine BL, et al. Program death-1 signaling and regulatory T cells collaborate to resist 
the function of adoptively transferred cytotoxic T lymphocytes in advanced acute myeloid leukemia. 
Blood 2010; 116:2484-93. 
136. Prokunina L, Castillejo-Lopez C, Oberg F, Gunnarsson I, Berg L, Magnusson V, Brookes AJ, 
Tentler D, Kristjansdottir H, Grondal G, et al. A regulatory polymorphism in PDCD1 is associated 
with susceptibility to systemic lupus erythematosus in humans. Nature genetics 2002; 32:666-9. 
137. Kroner A, Mehling M, Hemmer B, Rieckmann P, Toyka KV, Maurer M, Wiendl H. A PD-1 
polymorphism is associated with disease progression in multiple sclerosis. Annals of neurology 2005; 
58:50-7. 
138. Kong EK, Prokunina-Olsson L, Wong WH, Lau CS, Chan TM, Alarcon-Riquelme M, Lau 
YL. A new haplotype of PDCD1 is associated with rheumatoid arthritis in Hong Kong Chinese. 
Arthritis and rheumatism 2005; 52:1058-62. 
139. Nielsen C, Hansen D, Husby S, Jacobsen BB, Lillevang ST. Association of a putative 
regulatory polymorphism in the PD-1 gene with susceptibility to type 1 diabetes. Tissue antigens 
2003; 62:492-7. 
140. Kobayashi M, Kawano S, Hatachi S, Kurimoto C, Okazaki T, Iwai Y, Honjo T, Tanaka Y, 
Minato N, Komori T, et al. Enhanced expression of programmed death-1 (PD-1)/PD-L1 in salivary 
glands of patients with Sjogren's syndrome. The Journal of rheumatology 2005; 32:2156-63. 
297 
 
141. Hatachi S, Iwai Y, Kawano S, Morinobu S, Kobayashi M, Koshiba M, Saura R, Kurosaka M, 
Honjo T, Kumagai S. CD4+ PD-1+ T cells accumulate as unique anergic cells in rheumatoid arthritis 
synovial fluid. The Journal of rheumatology 2003; 30:1410-9. 
142. Wan B, Nie H, Liu A, Feng G, He D, Xu R, Zhang Q, Dong C, Zhang JZ. Aberrant regulation 
of synovial T cell activation by soluble costimulatory molecules in rheumatoid arthritis. Journal of 
immunology (Baltimore, Md : 1950) 2006; 177:8844-50. 
143. Pauken KE, Wherry EJ. Overcoming T cell exhaustion in infection and cancer. Trends in 
immunology; 36:265-76. 
144. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nature reviews 
Immunology 2015; 15:486-99. 
145. Zajac AJ, Blattman JN, Murali-Krishna K, Sourdive DJ, Suresh M, Altman JD, Ahmed R. 
Viral immune evasion due to persistence of activated T cells without effector function. The Journal 
of experimental medicine 1998; 188:2205-13. 
146. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, Mackey EW, Miller 
JD, Leslie AJ, DePierres C, et al. PD-1 expression on HIV-specific T cells is associated with T-cell 
exhaustion and disease progression. Nature 2006; 443:350-4. 
147. Golden-Mason L, Klarquist J, Wahed AS, Rosen HR. Cutting Edge: Programmed Death-1 
Expression Is Increased on Immunocytes in Chronic Hepatitis C Virus and Predicts Failure of 
Response to Antiviral Therapy: Race-Dependent Differences. The Journal of Immunology 2008; 
180:3637-41. 
148. Radziewicz H, Ibegbu CC, Fernandez ML, Workowski KA, Obideen K, Wehbi M, Hanson 
HL, Steinberg JP, Masopust D, Wherry EJ, et al. Liver-infiltrating lymphocytes in chronic human 
hepatitis C virus infection display an exhausted phenotype with high levels of PD-1 and low levels 
of CD127 expression. Journal of virology 2007; 81:2545-53. 
149. Das S, Suarez G, Beswick EJ, Sierra JC, Graham DY, Reyes VE. Expression of B7-H1 on 
Gastric Epithelial Cells: Its Potential Role in Regulating T Cells during Helicobacter pylori Infection. 
The Journal of Immunology 2006; 176:3000-9. 
150. Odorizzi PM, Pauken KE, Paley MA, Sharpe A, Wherry EJ. Genetic absence of PD-1 
promotes accumulation of terminally differentiated exhausted CD8+ T cells. The Journal of 
experimental medicine 2015; 212:1125-37. 
151. Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderlich JR, Dudley ME, White DE, 
Rosenberg SA. Tumor antigen-specific CD8 T cells infiltrating the tumor express high levels of PD-
1 and are functionally impaired. Blood 2009; 114:1537-44. 
152. Sfanos KS, Bruno TC, Meeker AK, De Marzo AM, Isaacs WB, Drake CG. Human prostate-
infiltrating CD8+ T lymphocytes are oligoclonal and PD-1+. The Prostate 2009; 69:1694-703. 
298 
 
153. Curiel TJ, Wei S, Dong H, Alvarez X, Cheng P, Mottram P, Krzysiek R, Knutson KL, Daniel 
B, Zimmermann MC, et al. Blockade of B7-H1 improves myeloid dendritic cell-mediated antitumor 
immunity. Nat Med 2003; 9:562-7. 
154. Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, Roche PC, Lu J, Zhu G, 
Tamada K, et al. Tumor-associated B7-H1 promotes T-cell apoptosis: a potential mechanism of 
immune evasion. Nat Med 2002; 8:793-800. 
155. Rosenwald A, Wright G, Leroy K, Yu X, Gaulard P, Gascoyne RD, Chan WC, Zhao T, 
Haioun C, Greiner TC, et al. Molecular diagnosis of primary mediastinal B cell lymphoma identifies 
a clinically favorable subgroup of diffuse large B cell lymphoma related to Hodgkin lymphoma. The 
Journal of experimental medicine 2003; 198:851-62. 
156. Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL, Chen S, Klein AP, Pardoll 
DM, Topalian SL, et al. Colocalization of inflammatory response with B7-h1 expression in human 
melanocytic lesions supports an adaptive resistance mechanism of immune escape. Sci Transl Med 
2012; 4:127ra37. 
157. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, Sosman JA, McDermott 
DF, Powderly JD, Gettinger SN, et al. Predictive correlates of response to the anti-PD-L1 antibody 
MPDL3280A in cancer patients. Nature 2014; 515:563-7. 
158. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, Chmielowski B, 
Spasic M, Henry G, Ciobanu V, et al. PD-1 blockade induces responses by inhibiting adaptive 
immune resistance. Nature 2014; 515:568-71. 
159. Gatalica Z, Snyder C, Maney T, Ghazalpour A, Holterman DA, Xiao N, Overberg P, Rose I, 
Basu GD, Vranic S, et al. Programmed cell death 1 (PD-1) and its ligand (PD-L1) in common cancers 
and their correlation with molecular cancer type. Cancer epidemiology, biomarkers & prevention : a 
publication of the American Association for Cancer Research, cosponsored by the American Society 
of Preventive Oncology 2014; 23:2965-70. 
160. Blank C, Brown I, Peterson AC, Spiotto M, Iwai Y, Honjo T, Gajewski TF. PD-L1/B7H-1 
inhibits the effector phase of tumor rejection by T cell receptor (TCR) transgenic CD8+ T cells. 
Cancer research 2004; 64:1140-5. 
161. Hamanishi J, Mandai M, Iwasaki M, Okazaki T, Tanaka Y, Yamaguchi K, Higuchi T, Yagi 
H, Takakura K, Minato N, et al. Programmed cell death 1 ligand 1 and tumor-infiltrating CD8+ T 
lymphocytes are prognostic factors of human ovarian cancer. Proceedings of the National Academy 
of Sciences of the United States of America 2007; 104:3360-5. 
162. Kuang DM, Zhao Q, Peng C, Xu J, Zhang JP, Wu C, Zheng L. Activated monocytes in 
peritumoral stroma of hepatocellular carcinoma foster immune privilege and disease progression 
through PD-L1. The Journal of experimental medicine 2009; 206:1327-37. 
299 
 
163. Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Minato N. Involvement of PD-L1 on tumor 
cells in the escape from host immune system and tumor immunotherapy by PD-L1 blockade. 
Proceedings of the National Academy of Sciences of the United States of America 2002; 99:12293-
7. 
164. Peng W, Liu C, Xu C, Lou Y, Chen J, Yang Y, Yagita H, Overwijk WW, Lizee G, Radvanyi 
L, et al. PD-1 blockade enhances T-cell migration to tumors by elevating IFN-gamma inducible 
chemokines. Cancer research 2012; 72:5209-18. 
165. Liu Y, Zeng B, Zhang Z, Zhang Y, Yang R. B7-H1 on myeloid-derived suppressor cells in 
immune suppression by a mouse model of ovarian cancer. Clinical immunology (Orlando, Fla) 2008; 
129:471-81. 
166. Wang W, Lau R, Yu D, Zhu W, Korman A, Weber J. PD1 blockade reverses the suppression 
of melanoma antigen-specific CTL by CD4+CD25Hi regulatory T cells. International immunology 
2009; 21:1065-77. 
167. Chan CJ, Andrews DM, Smyth MJ. Receptors that interact with nectin and nectin-like proteins 
in the immunosurveillance and immunotherapy of cancer. Current opinion in immunology 2012; 
24:246-51. 
168. Wang PL, O'Farrell S, Clayberger C, Krensky AM. Identification and molecular cloning of 
tactile. A novel human T cell activation antigen that is a member of the Ig gene superfamily. Journal 
of immunology (Baltimore, Md : 1950) 1992; 148:2600-8. 
169. Kay BK, Williamson MP, Sudol M. The importance of being proline: the interaction of 
proline-rich motifs in signaling proteins with their cognate domains. FASEB journal : official 
publication of the Federation of American Societies for Experimental Biology 2000; 14:231-41. 
170. Fuchs A, Cella M, Giurisato E, Shaw AS, Colonna M. Cutting edge: CD96 (tactile) promotes 
NK cell-target cell adhesion by interacting with the poliovirus receptor (CD155). Journal of 
immunology (Baltimore, Md : 1950) 2004; 172:3994-8. 
171. McVicar DW, Burshtyn DN. Intracellular signaling by the killer immunoglobulin-like 
receptors and Ly49. Science's STKE : signal transduction knowledge environment 2001; 2001:re1. 
172. Kaname T, Yanagi K, Chinen Y, Makita Y, Okamoto N, Maehara H, Owan I, Kanaya F, 
Kubota Y, Oike Y, et al. Mutations in CD96, a member of the immunoglobulin superfamily, cause a 
form of the C (Opitz trigonocephaly) syndrome. American journal of human genetics 2007; 81:835-
41. 
173. Gong J, Zhu C, Zhuang R, Song C, Li Q, Xu Z, Wei Y, Yang K, Yang A, Chen L, et al. 
Establishment of an enzyme-linked immunosorbent assay system for determining soluble CD96 and 
its application in the measurement of sCD96 in patients with viral hepatitis B and hepatic cirrhosis. 
Clinical and experimental immunology 2009; 155:207-15. 
300 
 
174. Meyer D, Seth S, Albrecht J, Maier MK, du Pasquier L, Ravens I, Dreyer L, Burger R, 
Gramatzki M, Schwinzer R, et al. CD96 interaction with CD155 via its first Ig-like domain is 
modulated by alternative splicing or mutations in distal Ig-like domains. The Journal of biological 
chemistry 2009; 284:2235-44. 
175. Seth S, Maier MK, Qiu Q, Ravens I, Kremmer E, Forster R, Bernhardt G. The murine pan T 
cell marker CD96 is an adhesion receptor for CD155 and nectin-1. Biochemical and biophysical 
research communications 2007; 364:959-65. 
176. Chan CJ, Martinet L, Gilfillan S, Souza-Fonseca-Guimaraes F, Chow MT, Town L, Ritchie 
DS, Colonna M, Andrews DM, Smyth MJ. The receptors CD96 and CD226 oppose each other in the 
regulation of natural killer cell functions. Nature immunology 2014; 15:431-8. 
177. Chan CJ, Andrews DM, McLaughlin NM, Yagita H, Gilfillan S, Colonna M, Smyth MJ. 
DNAM-1/CD155 interactions promote cytokine and NK cell-mediated suppression of poorly 
immunogenic melanoma metastases. Journal of immunology (Baltimore, Md : 1950) 2010; 184:902-
11. 
178. Eriksson EM, Keh CE, Deeks SG, Martin JN, Hecht FM, Nixon DF. Differential expression 
of CD96 surface molecule represents CD8(+) T cells with dissimilar effector function during HIV-1 
infection. PloS one 2012; 7:e51696. 
179. Hosen N, Park CY, Tatsumi N, Oji Y, Sugiyama H, Gramatzki M, Krensky AM, Weissman 
IL. CD96 is a leukemic stem cell-specific marker in human acute myeloid leukemia. Proceedings of 
the National Academy of Sciences of the United States of America 2007; 104:11008-13. 
180. Gramatzki M, Ludwig WD, Burger R, Moos P, Rohwer P, Grunert C, Sendler A, Kalden JR, 
Andreesen R, Henschke F, et al. Antibodies TC-12 ("unique") and TH-111 (CD96) characterize T-
cell acute lymphoblastic leukemia and a subgroup of acute myeloid leukemia. Experimental 
hematology 1998; 26:1209-14. 
181. Blake SJ, Stannard K, Liu J, Allen S, Yong MC, Mittal D, Roman Aguilera A, Miles JJ, 
Lutzky VP, Ferrari de Andrade L, et al. Suppression of metastases using a new lymphocyte 
checkpoint target for cancer immunotherapy. Cancer Discov 2016. 
182. Roman Aguilera A, Lutzky VP, Mittal D, Li XY, Stannard K, Takeda K, Bernhardt G, Teng 
MWL, Dougall WC, Smyth MJ. CD96 targeted antibodies need not block CD96-CD155 interactions 
to promote NK cell anti-metastatic activity. Oncoimmunology 2018; 7:e1424677. 
183. Bevelacqua V, Bevelacqua Y, Candido S, Skarmoutsou E, Amoroso A, Guarneri C, Strazzanti 
A, Gangemi P, Mazzarino MC, D'Amico F, et al. Nectin like-5 overexpression correlates with the 
malignant phenotype in cutaneous melanoma. Oncotarget 2012; 3:882-92. 
184. Masson D, Jarry A, Baury B, Blanchardie P, Laboisse C, Lustenberger P, Denis MG. 
Overexpression of the CD155 gene in human colorectal carcinoma. Gut 2001; 49:236-40. 
301 
 
185. Chan CJ, Smyth MJ, Martinet L. Molecular mechanisms of natural killer cell activation in 
response to cellular stress. Cell death and differentiation 2014; 21:5-14. 
186. Brooks J, Fleischmann-Mundt B, Woller N, Niemann J, Ribback S, Peters K, Demir IE, 
Armbrecht N, Ceyhan GO, Manns MP, et al. Perioperative, Spatiotemporally Coordinated Activation 
of T and NK Cells Prevents Recurrence of Pancreatic Cancer. Cancer research 2018; 78:475-88. 
187. Yu X, Harden K, Gonzalez LC, Francesco M, Chiang E, Irving B, Tom I, Ivelja S, Refino CJ, 
Clark H, et al. The surface protein TIGIT suppresses T cell activation by promoting the generation of 
mature immunoregulatory dendritic cells. Nature immunology 2009; 10:48-57. 
188. Boles KS, Vermi W, Facchetti F, Fuchs A, Wilson TJ, Diacovo TG, Cella M, Colonna M. A 
novel molecular interaction for the adhesion of follicular CD4 T cells to follicular DC. European 
journal of immunology 2009; 39:695-703. 
189. Stanietsky N, Simic H, Arapovic J, Toporik A, Levy O, Novik A, Levine Z, Beiman M, Dassa 
L, Achdout H, et al. The interaction of TIGIT with PVR and PVRL2 inhibits human NK cell 
cytotoxicity. Proceedings of the National Academy of Sciences of the United States of America 2009; 
106:17858-63. 
190. Levin SD, Taft DW, Brandt CS, Bucher C, Howard ED, Chadwick EM, Johnston J, Hammond 
A, Bontadelli K, Ardourel D, et al. Vstm3 is a member of the CD28 family and an important 
modulator of T-cell function. European journal of immunology 2011; 41:902-15. 
191. Liu S, Zhang H, Li M, Hu D, Li C, Ge B, Jin B, Fan Z. Recruitment of Grb2 and SHIP1 by 
the ITT-like motif of TIGIT suppresses granule polarization and cytotoxicity of NK cells. Cell death 
and differentiation 2013; 20:456-64. 
192. Li M, Xia P, Du Y, Liu S, Huang G, Chen J, Zhang H, Hou N, Cheng X, Zhou L, et al. T-cell 
immunoglobulin and ITIM domain (TIGIT) receptor/poliovirus receptor (PVR) ligand engagement 
suppresses interferon-gamma production of natural killer cells via beta-arrestin 2-mediated negative 
signaling. The Journal of biological chemistry 2014; 289:17647-57. 
193. Reymond N, Imbert AM, Devilard E, Fabre S, Chabannon C, Xerri L, Farnarier C, Cantoni 
C, Bottino C, Moretta A, et al. DNAM-1 and PVR regulate monocyte migration through endothelial 
junctions. The Journal of experimental medicine 2004; 199:1331-41. 
194. Sato T, Irie K, Ooshio T, Ikeda W, Takai Y. Involvement of heterophilic trans-interaction of 
Necl-5/Tage4/PVR/CD155 with nectin-3 in formation of nectin- and cadherin-based adherens 
junctions. Genes to cells : devoted to molecular & cellular mechanisms 2004; 9:791-9. 
195. Sloan KE, Eustace BK, Stewart JK, Zehetmeier C, Torella C, Simeone M, Roy JE, Unger C, 
Louis DN, Ilag LL, et al. CD155/PVR plays a key role in cell motility during tumor cell invasion and 
migration. BMC cancer 2004; 4:73. 
302 
 
196. Stengel KF, Harden-Bowles K, Yu X, Rouge L, Yin J, Comps-Agrar L, Wiesmann C, Bazan 
JF, Eaton DL, Grogan JL. Structure of TIGIT immunoreceptor bound to poliovirus receptor reveals 
a cell-cell adhesion and signaling mechanism that requires cis-trans receptor clustering. Proceedings 
of the National Academy of Sciences of the United States of America 2012; 109:5399-404. 
197. Mendelsohn CL, Wimmer E, Racaniello VR. Cellular receptor for poliovirus: molecular 
cloning, nucleotide sequence, and expression of a new member of the immunoglobulin superfamily. 
Cell 1989; 56:855-65. 
198. Satoh-Horikawa K, Nakanishi H, Takahashi K, Miyahara M, Nishimura M, Tachibana K, 
Mizoguchi A, Takai Y. Nectin-3, a new member of immunoglobulin-like cell adhesion molecules 
that shows homophilic and heterophilic cell-cell adhesion activities. The Journal of biological 
chemistry 2000; 275:10291-9. 
199. Reymond N, Borg JP, Lecocq E, Adelaide J, Campadelli-Fiume G, Dubreuil P, Lopez M. 
Human nectin3/PRR3: a novel member of the PVR/PRR/nectin family that interacts with afadin. 
Gene 2000; 255:347-55. 
200. Lopez M, Aoubala M, Jordier F, Isnardon D, Gomez S, Dubreuil P. The human poliovirus 
receptor related 2 protein is a new hematopoietic/endothelial homophilic adhesion molecule. Blood 
1998; 92:4602-11. 
201. Eberle F, Dubreuil P, Mattei MG, Devilard E, Lopez M. The human PRR2 gene, related to 
the human poliovirus receptor gene (PVR), is the true homolog of the murine MPH gene. Gene 1995; 
159:267-72. 
202. Casado JG, Pawelec G, Morgado S, Sanchez-Correa B, Delgado E, Gayoso I, Duran E, Solana 
R, Tarazona R. Expression of adhesion molecules and ligands for activating and costimulatory 
receptors involved in cell-mediated cytotoxicity in a large panel of human melanoma cell lines. 
Cancer immunology, immunotherapy : CII 2009; 58:1517-26. 
203. Oshima T, Sato S, Kato J, Ito Y, Watanabe T, Tsuji I, Hori A, Kurokawa T, Kokubo T. Nectin-
2 is a potential target for antibody therapy of breast and ovarian cancers. Molecular cancer 2013; 
12:60. 
204. Tahara-Hanaoka S, Shibuya K, Onoda Y, Zhang H, Yamazaki S, Miyamoto A, Honda S, 
Lanier LL, Shibuya A. Functional characterization of DNAM-1 (CD226) interaction with its ligands 
PVR (CD155) and nectin-2 (PRR-2/CD112). International immunology 2004; 16:533-8. 
205. Zhu Y, Paniccia A, Schulick AC, Chen W, Koenig MR, Byers JT, Yao S, Bevers S, Edil BH. 
Identification of CD112R as a novel checkpoint for human T cells. The Journal of experimental 
medicine 2016. 
206. Dougall WC, Kurtulus S, Smyth MJ, Anderson AC. TIGIT and CD96: new checkpoint 
receptor targets for cancer immunotherapy. Immunological reviews 2017; 276:112-20. 
303 
 
207. Joller N, Lozano E, Burkett Patrick R, Patel B, Xiao S, Zhu C, Xia J, Tan Tze G, Sefik E, 
Yajnik V, et al. Treg Cells Expressing the Coinhibitory Molecule TIGIT Selectively Inhibit 
Proinflammatory Th1 and Th17 Cell Responses. Immunity 2014; 40:569-81. 
208. Fuhrman CA, Yeh WI, Seay HR, Saikumar Lakshmi P, Chopra G, Zhang L, Perry DJ, 
McClymont SA, Yadav M, Lopez MC, et al. Divergent Phenotypes of Human Regulatory T Cells 
Expressing the Receptors TIGIT and CD226. Journal of immunology (Baltimore, Md : 1950) 2015; 
195:145-55. 
209. Lozano E, Dominguez-Villar M, Kuchroo V, Hafler DA. The TIGIT/CD226 axis regulates 
human T cell function. Journal of immunology (Baltimore, Md : 1950) 2012; 188:3869-75. 
210. Johnston Robert J, Comps-Agrar L, Hackney J, Yu X, Huseni M, Yang Y, Park S, Javinal V, 
Chiu H, Irving B, et al. The Immunoreceptor TIGIT Regulates Antitumor and Antiviral CD8+ T Cell 
Effector Function. Cancer Cell 2014; 26:923-37. 
211. Liu XG, Hou M, Liu Y. TIGIT, A Novel Therapeutic Target for Tumor Immunotherapy. 
Immunological investigations 2017; 46:172-82. 
212. Joller N, Hafler JP, Brynedal B, Kassam N, Spoerl S, Levin SD, Sharpe AH, Kuchroo VK. 
Cutting edge: TIGIT has T cell-intrinsic inhibitory functions. Journal of immunology (Baltimore, Md 
: 1950) 2011; 186:1338-42. 
213. Inozume T, Yaguchi T, Furuta J, Harada K, Kawakami Y, Shimada S. Melanoma Cells 
Control Antimelanoma CTL Responses via Interaction between TIGIT and CD155 in the Effector 
Phase. The Journal of investigative dermatology 2016; 136:255-63. 
214. Kurtulus S, Sakuishi K, Ngiow SF, Joller N, Tan DJ, Teng MW, Smyth MJ, Kuchroo VK, 
Anderson AC. TIGIT predominantly regulates the immune response via regulatory T cells. The 
Journal of clinical investigation 2015; 125:4053-62. 
215. Stanietsky N, Rovis TL, Glasner A, Seidel E, Tsukerman P, Yamin R, Enk J, Jonjic S, 
Mandelboim O. Mouse TIGIT inhibits NK-cell cytotoxicity upon interaction with PVR. European 
journal of immunology 2013; 43:2138-50. 
216. Anderson AC, Joller N, Kuchroo VK. Lag-3, Tim-3, and TIGIT: Co-inhibitory Receptors with 
Specialized Functions in Immune Regulation. Immunity 2016; 44:989-1004. 
217. Dixon KO, Schorer M, Nevin J, Etminan Y, Amoozgar Z, Kondo T, Kurtulus S, Kassam N, 
Sobel RA, Fukumura D, et al. Functional Anti-TIGIT Antibodies Regulate Development of 
Autoimmunity and Antitumor Immunity. The Journal of Immunology 2018; 200:3000-7. 
218. Chauvin JM, Pagliano O, Fourcade J, Sun Z, Wang H, Sander C, Kirkwood JM, Chen TH, 
Maurer M, Korman AJ, et al. TIGIT and PD-1 impair tumor antigen-specific CD8(+) T cells in 
melanoma patients. The Journal of clinical investigation 2015; 125:2046-58. 
304 
 
219. Kong Y, Zhu L, Schell TD, Zhang J, Claxton DF, Ehmann WC, Rybka W, George MR, Zeng 
H, Zheng H. T-cell Immunoglobulin and ITIM Domain (TIGIT) Associates with CD8+ T cell 
Exhaustion and Poor Clinical Outcome in AML Patients. Clinical Cancer Research 2016. 
220. Kong Y, Zhu L, Schell TD, Zhang J, Claxton DF, Ehmann WC, Rybka WB, George MR, 
Zeng H, Zheng H. T-Cell Immunoglobulin and ITIM Domain (TIGIT) Associates with CD8+ T-Cell 
Exhaustion and Poor Clinical Outcome in AML Patients. Clinical cancer research : an official journal 
of the American Association for Cancer Research 2016; 22:3057-66. 
221. Zhang Q, Bi J, Zheng X, Chen Y, Wang H, Wu W, Wang Z, Wu Q, Peng H, Wei H, et al. 
Blockade of the checkpoint receptor TIGIT prevents NK cell exhaustion and elicits potent anti-tumor 
immunity. Nature immunology 2018. 
222. Martinet L, Smyth MJ. Balancing natural killer cell activation through paired receptors. 
Nature reviews Immunology 2015; 15:243-54. 
223. Burns GF, Triglia T, Werkmeister JA, Begley CG, Boyd AW. TLiSA1, a human T lineage-
specific activation antigen involved in the differentiation of cytotoxic T lymphocytes and anomalous 
killer cells from their precursors. The Journal of experimental medicine 1985; 161:1063-78. 
224. Shibuya A, Campbell D, Hannum C, Yssel H, Franz-Bacon K, McClanahan T, Kitamura T, 
Nicholl J, Sutherland GR, Lanier LL, et al. DNAM-1, a novel adhesion molecule involved in the 
cytolytic function of T lymphocytes. Immunity 1996; 4:573-81. 
225. Bottino C, Castriconi R, Pende D, Rivera P, Nanni M, Carnemolla B, Cantoni C, Grassi J, 
Marcenaro S, Reymond N, et al. Identification of PVR (CD155) and Nectin-2 (CD112) as cell surface 
ligands for the human DNAM-1 (CD226) activating molecule. The Journal of experimental medicine 
2003; 198:557-67. 
226. Martinet L, Ferrari De Andrade L, Guillerey C, Lee Jason S, Liu J, Souza-Fonseca-Guimaraes 
F, Hutchinson Dana S, Kolesnik Tatiana B, Nicholson Sandra E, Huntington Nicholas D, et al. 
DNAM-1 Expression Marks an Alternative Program of NK Cell Maturation. Cell Reports 2015; 
11:85-97. 
227. Lakshmikanth T, Burke S, Ali TH, Kimpfler S, Ursini F, Ruggeri L, Capanni M, Umansky V, 
Paschen A, Sucker A, et al. NCRs and DNAM-1 mediate NK cell recognition and lysis of human and 
mouse melanoma cell lines in vitro and in vivo. The Journal of clinical investigation 2009; 119:1251-
63. 
228. Gilfillan S, Chan CJ, Cella M, Haynes NM, Rapaport AS, Boles KS, Andrews DM, Smyth 
MJ, Colonna M. DNAM-1 promotes activation of cytotoxic lymphocytes by nonprofessional antigen-
presenting cells and tumors. The Journal of experimental medicine 2008; 205:2965-73. 
305 
 
229. Iguchi-Manaka A, Kai H, Yamashita Y, Shibata K, Tahara-Hanaoka S, Honda S, Yasui T, 
Kikutani H, Shibuya K, Shibuya A. Accelerated tumor growth in mice deficient in DNAM-1 receptor. 
The Journal of experimental medicine 2008; 205:2959-64. 
230. Nabekura T, Kanaya M, Shibuya A, Fu G, Gascoigne NR, Lanier LL. Costimulatory molecule 
DNAM-1 is essential for optimal differentiation of memory natural killer cells during mouse 
cytomegalovirus infection. Immunity 2014; 40:225-34. 
231. Dardalhon V, Schubart AS, Reddy J, Meyers JH, Monney L, Sabatos CA, Ahuja R, Nguyen 
K, Freeman GJ, Greenfield EA, et al. CD226 Is Specifically Expressed on the Surface of Th1 Cells 
and Regulates Their Expansion and Effector Functions. The Journal of Immunology 2005; 175:1558-
65. 
232. Shibuya K, Shirakawa J, Kameyama T, Honda S, Tahara-Hanaoka S, Miyamoto A, Onodera 
M, Sumida T, Nakauchi H, Miyoshi H, et al. CD226 (DNAM-1) is involved in lymphocyte function-
associated antigen 1 costimulatory signal for naive T cell differentiation and proliferation. The 
Journal of experimental medicine 2003; 198:1829-39. 
233. Hafler JP, Maier LM, Cooper JD, Plagnol V, Hinks A, Simmonds MJ, Stevens HE, Walker 
NM, Healy B, Howson JM, et al. CD226 Gly307Ser association with multiple autoimmune diseases. 
Genes and immunity 2009; 10:5-10. 
234. Maiti AK, Kim-Howard X, Viswanathan P, Guillen L, Qian X, Rojas-Villarraga A, Sun C, 
Canas C, Tobon GJ, Matsuda K, et al. Non-synonymous variant (Gly307Ser) in CD226 is associated 
with susceptibility to multiple autoimmune diseases. Rheumatology (Oxford, England) 2010; 
49:1239-44. 
235. Ayano M, Tsukamoto H, Kohno K, Ueda N, Tanaka A, Mitoma H, Akahoshi M, Arinobu Y, 
Niiro H, Horiuchi T, et al. Increased CD226 Expression on CD8<sup>+</sup> T Cells Is Associated 
with Upregulated Cytokine Production and Endothelial Cell Injury in Patients with Systemic 
Sclerosis. The Journal of Immunology 2015; 195:892-900. 
236. Tahara-Hanaoka S, Shibuya K, Kai H, Miyamoto A, Morikawa Y, Ohkochi N, Honda S, 
Shibuya A. Tumor rejection by the poliovirus receptor family ligands of the DNAM-1 (CD226) 
receptor. Blood 2006; 107:1491-6. 
237. Carlsten M, Norell H, Bryceson YT, Poschke I, Schedvins K, Ljunggren HG, Kiessling R, 
Malmberg KJ. Primary human tumor cells expressing CD155 impair tumor targeting by down-
regulating DNAM-1 on NK cells. Journal of immunology (Baltimore, Md : 1950) 2009; 183:4921-
30. 
238. Sanchez-Correa B, Gayoso I, Bergua JM, Casado JG, Morgado S, Solana R, Tarazona R. 
Decreased expression of DNAM-1 on NK cells from acute myeloid leukemia patients. Immunology 
and cell biology 2012; 90:109-15. 
306 
 
239. Waldmann TA. Cytokines in Cancer Immunotherapy. Cold Spring Harbor perspectives in 
biology 2017. 
240. Merigan TC, Sikora K, Breeden JH, Levy R, Rosenberg SA. Preliminary Observations on the 
Effect of Human Leukocyte Interferon in Non-Hodgkin's Lymphoma. New England Journal of 
Medicine 1978; 299:1449-53. 
241. Rosenberg SA, Lotze MT, Yang JC, Aebersold PM, Linehan WM, Seipp CA, White DE. 
Experience with the use of high-dose interleukin-2 in the treatment of 652 cancer patients. Annals of 
surgery 1989; 210:474-84; discussion 84-5. 
242. Atkins MB, Lotze MT, Dutcher JP, Fisher RI, Weiss G, Margolin K, Abrams J, Sznol M, 
Parkinson D, Hawkins M, et al. High-dose recombinant interleukin 2 therapy for patients with 
metastatic melanoma: analysis of 270 patients treated between 1985 and 1993. Journal of clinical 
oncology : official journal of the American Society of Clinical Oncology 1999; 17:2105-16. 
243. Caligiuri MA, Murray C, Robertson MJ, Wang E, Cochran K, Cameron C, Schow P, Ross 
ME, Klumpp TR, Soiffer RJ, et al. Selective modulation of human natural killer cells in vivo after 
prolonged infusion of low dose recombinant interleukin 2. The Journal of clinical investigation 1993; 
91:123-32. 
244. Kirkwood JM, Ibrahim JG, Sosman JA, Sondak VK, Agarwala SS, Ernstoff MS, Rao U. High-
dose interferon alfa-2b significantly prolongs relapse-free and overall survival compared with the 
GM2-KLH/QS-21 vaccine in patients with resected stage IIB-III melanoma: results of intergroup trial 
E1694/S9512/C509801. Journal of clinical oncology : official journal of the American Society of 
Clinical Oncology 2001; 19:2370-80. 
245. Yousefi H, Yuan J, Keshavarz-Fathi M, Murphy JF, Rezaei N. Immunotherapy of cancers 
comes of age. Expert Review of Clinical Immunology 2017; 13:1001-15. 
246. Higano CS, Corman JM, Smith DC, Centeno AS, Steidle CP, Gittleman M, Simons JW, Sacks 
N, Aimi J, Small EJ. Phase 1/2 dose-escalation study of a GM-CSF-secreting, allogeneic, cellular 
immunotherapy for metastatic hormone-refractory prostate cancer. Cancer 2008; 113:975-84. 
247. Carreno BM, Magrini V, Becker-Hapak M, Kaabinejadian S, Hundal J, Petti AA, Ly A, Lie 
WR, Hildebrand WH, Mardis ER, et al. Cancer immunotherapy. A dendritic cell vaccine increases 
the breadth and diversity of melanoma neoantigen-specific T cells. Science (New York, NY) 2015; 
348:803-8. 
248. Hinrichs CS, Rosenberg SA. Exploiting the curative potential of adoptive T-cell therapy for 
cancer. Immunological reviews 2014; 257:56-71. 
249. Wang M, Yin B, Wang HY, Wang RF. Current advances in T-cell-based cancer 
immunotherapy. Immunotherapy 2014; 6:1265-78. 
307 
 
250. Rosenberg SA, Packard BS, Aebersold PM, Solomon D, Topalian SL, Toy ST, Simon P, 
Lotze MT, Yang JC, Seipp CA, et al. Use of tumor-infiltrating lymphocytes and interleukin-2 in the 
immunotherapy of patients with metastatic melanoma. A preliminary report. The New England 
journal of medicine 1988; 319:1676-80. 
251. Rapoport AP, Stadtmauer EA, Binder-Scholl GK, Goloubeva O, Vogl DT, Lacey SF, Badros 
AZ, Garfall A, Weiss B, Finklestein J, et al. NY-ESO-1-specific TCR-engineered T cells mediate 
sustained antigen-specific antitumor effects in myeloma. Nat Med 2015; 21:914-21. 
252. Kochenderfer JN, Wilson WH, Janik JE, Dudley ME, Stetler-Stevenson M, Feldman SA, 
Maric I, Raffeld M, Nathan DA, Lanier BJ, et al. Eradication of B-lineage cells and regression of 
lymphoma in a patient treated with autologous T cells genetically engineered to recognize CD19. 
Blood 2010; 116:4099-102. 
253. Porter DL, Levine BL, Kalos M, Bagg A, June CH. Chimeric antigen receptor-modified T 
cells in chronic lymphoid leukemia. The New England journal of medicine 2011; 365:725-33. 
254. Sliwkowski MX, Mellman I. Antibody therapeutics in cancer. Science (New York, NY) 2013; 
341:1192-8. 
255. Scott AM, Wolchok JD, Old LJ. Antibody therapy of cancer. Nature reviews Cancer 2012; 
12:278-87. 
256. Romond EH, Perez EA, Bryant J, Suman VJ, Geyer CE, Jr., Davidson NE, Tan-Chiu E, 
Martino S, Paik S, Kaufman PA, et al. Trastuzumab plus adjuvant chemotherapy for operable HER2-
positive breast cancer. The New England journal of medicine 2005; 353:1673-84. 
257. Piccart-Gebhart MJ, Procter M, Leyland-Jones B, Goldhirsch A, Untch M, Smith I, Gianni L, 
Baselga J, Bell R, Jackisch C, et al. Trastuzumab after adjuvant chemotherapy in HER2-positive 
breast cancer. The New England journal of medicine 2005; 353:1659-72. 
258. Hodi FS, Mihm MC, Soiffer RJ, Haluska FG, Butler M, Seiden MV, Davis T, Henry-Spires 
R, MacRae S, Willman A, et al. Biologic activity of cytotoxic T lymphocyte-associated antigen 4 
antibody blockade in previously vaccinated metastatic melanoma and ovarian carcinoma patients. 
Proceedings of the National Academy of Sciences of the United States of America 2003; 100:4712-
7. 
259. Iwai Y, Terawaki S, Honjo T. PD-1 blockade inhibits hematogenous spread of poorly 
immunogenic tumor cells by enhanced recruitment of effector T cells. International immunology 
2005; 17:133-44. 
260. Peggs KS, Quezada SA, Korman AJ, Allison JP. Principles and use of anti-CTLA4 antibody 
in human cancer immunotherapy. Current opinion in immunology 2006; 18:206-13. 
308 
 
261. Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, Gonzalez R, Robert 
C, Schadendorf D, Hassel JC, et al. Improved survival with ipilimumab in patients with metastatic 
melanoma. The New England journal of medicine 2010; 363:711-23. 
262. McDermott D, Haanen J, Chen TT, Lorigan P, O'Day S. Efficacy and safety of ipilimumab in 
metastatic melanoma patients surviving more than 2 years following treatment in a phase III trial 
(MDX010-20). Annals of oncology : official journal of the European Society for Medical Oncology 
/ ESMO 2013; 24:2694-8. 
263. Kirkwood JM, Lorigan P, Hersey P, Hauschild A, Robert C, McDermott D, Marshall MA, 
Gomez-Navarro J, Liang JQ, Bulanhagui CA. Phase II trial of tremelimumab (CP-675,206) in patients 
with advanced refractory or relapsed melanoma. Clinical cancer research : an official journal of the 
American Association for Cancer Research 2010; 16:1042-8. 
264. Berger R, Rotem-Yehudar R, Slama G, Landes S, Kneller A, Leiba M, Koren-Michowitz M, 
Shimoni A, Nagler A. Phase I safety and pharmacokinetic study of CT-011, a humanized antibody 
interacting with PD-1, in patients with advanced hematologic malignancies. Clinical cancer research 
: an official journal of the American Association for Cancer Research 2008; 14:3044-51. 
265. Brahmer JR, Drake CG, Wollner I, Powderly JD, Picus J, Sharfman WH, Stankevich E, Pons 
A, Salay TM, McMiller TL, et al. Phase I study of single-agent anti-programmed death-1 (MDX-
1106) in refractory solid tumors: safety, clinical activity, pharmacodynamics, and immunologic 
correlates. Journal of clinical oncology : official journal of the American Society of Clinical Oncology 
2010; 28:3167-75. 
266. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, Powderly JD, 
Carvajal RD, Sosman JA, Atkins MB, et al. Safety, Activity, and Immune Correlates of Anti–PD-1 
Antibody in Cancer. New England Journal of Medicine 2012; 366:2443-54. 
267. Hamid O, Robert C, Daud A, Hodi FS, Hwu W-J, Kefford R, Wolchok JD, Hersey P, Joseph 
RW, Weber JS, et al. Safety and Tumor Responses with Lambrolizumab (Anti–PD-1) in Melanoma. 
New England Journal of Medicine 2013; 369:134-44. 
268. Brahmer J, Reckamp KL, Baas P, Crino L, Eberhardt WE, Poddubskaya E, Antonia S, 
Pluzanski A, Vokes EE, Holgado E, et al. Nivolumab versus Docetaxel in Advanced Squamous-Cell 
Non-Small-Cell Lung Cancer. The New England journal of medicine 2015; 373:123-35. 
269. Nishino M, Sholl LM, Hodi FS, Hatabu H, Ramaiya NH. Anti-PD-1-Related Pneumonitis 
during Cancer Immunotherapy. The New England journal of medicine 2015; 373:288-90. 
270. Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, Daud A, Carlino MS, McNeil 
C, Lotem M, et al. Pembrolizumab versus Ipilimumab in Advanced Melanoma. New England Journal 
of Medicine; 0:null. 
309 
 
271. Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, Drake CG, Camacho LH, 
Kauh J, Odunsi K, et al. Safety and activity of anti-PD-L1 antibody in patients with advanced cancer. 
The New England journal of medicine 2012; 366:2455-65. 
272. Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, Cruz C, Bellmunt J, Burris HA, Petrylak 
DP, Teng SL, et al. MPDL3280A (anti-PD-L1) treatment leads to clinical activity in metastatic 
bladder cancer. Nature 2014; 515:558-62. 
273. Alsaab HO, Sau S, Alzhrani R, Tatiparti K, Bhise K, Kashaw SK, Iyer AK. PD-1 and PD-L1 
Checkpoint Signaling Inhibition for Cancer Immunotherapy: Mechanism, Combinations, and Clinical 
Outcome. Frontiers in pharmacology 2017; 8:561. 
274. Taube JM, Klein A, Brahmer JR, Xu H, Pan X, Kim JH, Chen L, Pardoll DM, Topalian SL, 
Anders RA. Association of PD-1, PD-1 ligands, and other features of the tumor immune 
microenvironment with response to anti-PD-1 therapy. Clinical cancer research : an official journal 
of the American Association for Cancer Research 2014; 20:5064-74. 
275. Kefford R, Ribas A, Hamid O, Robert C, Daud A, Wolchok JD, Joshua AM, Hodi FS, 
Gangadhar TC, Hersey P, et al. Clinical efficacy and correlation with tumor PD-L1 expression in 
patients (pts) with melanoma (MEL) treated with the anti-PD-1 monoclonal antibody MK-3475. 
Journal of Clinical Oncology 2014; 32:3005-. 
276. Merryman RW, Armand P, Wright KT, Rodig SJ. Checkpoint blockade in Hodgkin and non-
Hodgkin lymphoma. Blood advances 2017; 1:2643-54. 
277. Topalian SL, Taube JM, Anders RA, Pardoll DM. Mechanism-driven biomarkers to guide 
immune checkpoint blockade in cancer therapy. Nature reviews Cancer 2016; 16:275-87. 
278. Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mortier L, Hassel JC, Rutkowski P, 
McNeil C, Kalinka-Warzocha E, et al. Nivolumab in previously untreated melanoma without BRAF 
mutation. The New England journal of medicine 2015; 372:320-30. 
279. Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, Sivachenko A, Carter SL, 
Stewart C, Mermel CH, Roberts SA, et al. Mutational heterogeneity in cancer and the search for new 
cancer-associated genes. Nature 2013; 499:214-8. 
280. Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, Patnaik A, Aggarwal C, 
Gubens M, Horn L, et al. Pembrolizumab for the Treatment of Non–Small-Cell Lung Cancer. New 
England Journal of Medicine; 0:null. 
281. Drescher KM, Sharma P, Watson P, Gatalica Z, Thibodeau SN, Lynch HT. Lymphocyte 
recruitment into the tumor site is altered in patients with MSI-H colon cancer. Familial cancer 2009; 
8:231-9. 
310 
 
282. Llosa NJ, Cruise M, Tam A, Wicks EC, Hechenbleikner EM, Taube JM, Blosser RL, Fan H, 
Wang H, Luber BS, et al. The vigorous immune microenvironment of microsatellite instable colon 
cancer is balanced by multiple counter-inhibitory checkpoints. Cancer Discov 2015; 5:43-51. 
283. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, Skora AD, Luber BS, 
Azad NS, Laheru D, et al. PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. The New 
England journal of medicine 2015; 372:2509-20. 
284. Nghiem PT, Bhatia S, Lipson EJ, Kudchadkar RR, Miller NJ, Annamalai L, Berry S, Chartash 
EK, Daud A, Fling SP, et al. PD-1 Blockade with Pembrolizumab in Advanced Merkel-Cell 
Carcinoma. The New England journal of medicine 2016; 374:2542-52. 
285. Hui E, Cheung J, Zhu J, Su X, Taylor MJ, Wallweber HA, Sasmal DK, Huang J, Kim JM, 
Mellman I, et al. T cell costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition. 
Science (New York, NY) 2017. 
286. Kamphorst AO, Wieland A, Nasti T, Yang S, Zhang R, Barber DL, Konieczny BT, Daugherty 
CZ, Koenig L, Yu K, et al. Rescue of exhausted CD8 T cells by PD-1-targeted therapies is CD28-
dependent. Science (New York, NY) 2017. 
287. Kvistborg P, Philips D, Kelderman S, Hageman L, Ottensmeier C, Joseph-Pietras D, Welters 
MJ, van der Burg S, Kapiteijn E, Michielin O, et al. Anti-CTLA-4 therapy broadens the melanoma-
reactive CD8+ T cell response. Sci Transl Med 2014; 6:254ra128. 
288. Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin AM, Segal NH, 
Ariyan CE, Gordon R-A, Reed K, et al. Nivolumab plus Ipilimumab in Advanced Melanoma. New 
England Journal of Medicine 2013; 369:122-33. 
289. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Rutkowski P, Grob JJ, Cowey CL, Lao CD, 
Wagstaff J, Schadendorf D, Ferrucci PF, et al. Overall Survival with Combined Nivolumab and 
Ipilimumab in Advanced Melanoma. The New England journal of medicine 2017; 377:1345-56. 
290. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, Powderly JD, 
Carvajal RD, Sosman JA, Atkins MB, et al. Safety, activity, and immune correlates of anti-PD-1 
antibody in cancer. The New England journal of medicine 2012; 366:2443-54. 
291. Boutros C, Tarhini A, Routier E, Lambotte O, Ladurie FL, Carbonnel F, Izzeddine H, 
Marabelle A, Champiat S, Berdelou A, et al. Safety profiles of anti-CTLA-4 and anti-PD-1 antibodies 
alone and in combination. Nature reviews Clinical oncology 2016. 
292. Liu J, Blake SJ, Smyth MJ, Teng MW. Improved mouse models to assess tumour immunity 
and irAEs after combination cancer immunotherapies. Clinical & translational immunology 2014; 
3:e22. 
293. Kumar SK, Rajkumar V, Kyle RA, van Duin M, Sonneveld P, Mateos MV, Gay F, Anderson 
KC. Multiple myeloma. Nature reviews Disease primers 2017; 3:17046. 
311 
 
294. Rajkumar SV. Evolving diagnostic criteria for multiple myeloma. Hematology American 
Society of Hematology Education Program 2015; 2015:272-8. 
295. Röllig C, Knop S, Bornhäuser M. Multiple myeloma. The Lancet; 385:2197-208. 
296. Guillerey C, Nakamura K, Vuckovic S, Hill GR, Smyth MJ. Immune responses in multiple 
myeloma: role of the natural immune surveillance and potential of immunotherapies. Cell Mol Life 
Sci 2016; 73:1569-89. 
297. Criteria for the classification of monoclonal gammopathies, multiple myeloma and related 
disorders: a report of the International Myeloma Working Group. British journal of haematology 
2003; 121:749-57. 
298. Kuehl WM, Bergsagel PL. Multiple myeloma: evolving genetic events and host interactions. 
Nature reviews Cancer 2002; 2:175-87. 
299. Kuehl WM, Bergsagel PL. Molecular pathogenesis of multiple myeloma and its premalignant 
precursor. The Journal of clinical investigation 2012; 122:3456-63. 
300. Chng WJ, Glebov O, Bergsagel PL, Kuehl WM. Genetic events in the pathogenesis of 
multiple myeloma. Best practice & research Clinical haematology 2007; 20:571-96. 
301. Avet-Loiseau H. Ultra high-risk myeloma. Hematology American Society of Hematology 
Education Program 2010; 2010:489-93. 
302. Kawano Y, Moschetta M, Manier S, Glavey S, Gorgun GT, Roccaro AM, Anderson KC, 
Ghobrial IM. Targeting the bone marrow microenvironment in multiple myeloma. Immunological 
reviews 2015; 263:160-72. 
303. Manier S, Sacco A, Leleu X, Ghobrial IM, Roccaro AM. Bone marrow microenvironment in 
multiple myeloma progression. Journal of biomedicine & biotechnology 2012; 2012:157496. 
304. Chauhan D, Uchiyama H, Akbarali Y, Urashima M, Yamamoto K, Libermann TA, Anderson 
KC. Multiple myeloma cell adhesion-induced interleukin-6 expression in bone marrow stromal cells 
involves activation of NF-kappa B. Blood 1996; 87:1104-12. 
305. Hideshima T, Bergsagel PL, Kuehl WM, Anderson KC. Advances in biology of multiple 
myeloma: clinical applications. Blood 2004; 104:607-18. 
306. Nefedova Y, Cheng P, Alsina M, Dalton WS, Gabrilovich DI. Involvement of Notch-1 
signaling in bone marrow stroma-mediated de novo drug resistance of myeloma and other malignant 
lymphoid cell lines. Blood 2004; 103:3503-10. 
307. Giuliani N, Storti P, Bolzoni M, Palma BD, Bonomini S. Angiogenesis and multiple 
myeloma. Cancer microenvironment : official journal of the International Cancer Microenvironment 
Society 2011; 4:325-37. 
312 
 
308. Roccaro AM, Sacco A, Maiso P, Azab AK, Tai YT, Reagan M, Azab F, Flores LM, 
Campigotto F, Weller E, et al. BM mesenchymal stromal cell-derived exosomes facilitate multiple 
myeloma progression. The Journal of clinical investigation 2013; 123:1542-55. 
309. Karadag A, Oyajobi BO, Apperley JF, Russell RG, Croucher PI. Human myeloma cells 
promote the production of interleukin 6 by primary human osteoblasts. British journal of haematology 
2000; 108:383-90. 
310. Shipman CM, Croucher PI. Osteoprotegerin is a soluble decoy receptor for tumor necrosis 
factor-related apoptosis-inducing ligand/Apo2 ligand and can function as a paracrine survival factor 
for human myeloma cells. Cancer research 2003; 63:912-6. 
311. Tian E, Zhan F, Walker R, Rasmussen E, Ma Y, Barlogie B, Shaughnessy JD, Jr. The role of 
the Wnt-signaling antagonist DKK1 in the development of osteolytic lesions in multiple myeloma. 
The New England journal of medicine 2003; 349:2483-94. 
312. Roodman GD. Pathogenesis of myeloma bone disease. Leukemia 2009; 23:435-41. 
313. Tanaka Y, Abe M, Hiasa M, Oda A, Amou H, Nakano A, Takeuchi K, Kitazoe K, Kido S, 
Inoue D, et al. Myeloma cell-osteoclast interaction enhances angiogenesis together with bone 
resorption: a role for vascular endothelial cell growth factor and osteopontin. Clinical cancer research 
: an official journal of the American Association for Cancer Research 2007; 13:816-23. 
314. Slany A, Haudek-Prinz V, Meshcheryakova A, Bileck A, Lamm W, Zielinski C, Gerner C, 
Drach J. Extracellular matrix remodeling by bone marrow fibroblast-like cells correlates with disease 
progression in multiple myeloma. Journal of proteome research 2014; 13:844-54. 
315. Ludwig H, Nachbaur DM, Fritz E, Krainer M, Huber H. Interleukin-6 is a prognostic factor 
in multiple myeloma. Blood 1991; 77:2794-5. 
316. Favaloro J, Liyadipitiya T, Brown R, Yang S, Suen H, Woodland N, Nassif N, Hart D, Fromm 
P, Weatherburn C, et al. Myeloid derived suppressor cells are numerically, functionally and 
phenotypically different in patients with multiple myeloma. Leukemia & lymphoma 2014; 55:2893-
900. 
317. Gorgun GT, Whitehill G, Anderson JL, Hideshima T, Maguire C, Laubach J, Raje N, Munshi 
NC, Richardson PG, Anderson KC. Tumor-promoting immune-suppressive myeloid-derived 
suppressor cells in the multiple myeloma microenvironment in humans. Blood 2013; 121:2975-87. 
318. Ramachandran IR, Martner A, Pisklakova A, Condamine T, Chase T, Vogl T, Roth J, 
Gabrilovich D, Nefedova Y. Myeloid-derived suppressor cells regulate growth of multiple myeloma 
by inhibiting T cells in bone marrow. Journal of immunology (Baltimore, Md : 1950) 2013; 190:3815-
23. 
319. Brimnes MK, Vangsted AJ, Knudsen LM, Gimsing P, Gang AO, Johnsen HE, Svane IM. 
Increased level of both CD4+FOXP3+ regulatory T cells and CD14+HLA-DR(-)/low myeloid-
313 
 
derived suppressor cells and decreased level of dendritic cells in patients with multiple myeloma. 
Scandinavian journal of immunology 2010; 72:540-7. 
320. De Veirman K, Van Valckenborgh E, Lahmar Q, Geeraerts X, De Bruyne E, Menu E, Van 
Riet I, Vanderkerken K, Van Ginderachter JA. Myeloid-derived suppressor cells as therapeutic target 
in hematological malignancies. Frontiers in oncology 2014; 4:349. 
321. Van Valckenborgh E, Schouppe E, Movahedi K, De Bruyne E, Menu E, De Baetselier P, 
Vanderkerken K, Van Ginderachter JA. Multiple myeloma induces the immunosuppressive capacity 
of distinct myeloid-derived suppressor cell subpopulations in the bone marrow. Leukemia 2012; 
26:2424-8. 
322. Zheng Y, Cai Z, Wang S, Zhang X, Qian J, Hong S, Li H, Wang M, Yang J, Yi Q. 
Macrophages are an abundant component of myeloma microenvironment and protect myeloma cells 
from chemotherapy drug-induced apoptosis. Blood 2009; 114:3625-8. 
323. Hope C, Ollar SJ, Heninger E, Hebron E, Jensen JL, Kim J, Maroulakou I, Miyamoto S, Leith 
C, Yang DT, et al. TPL2 kinase regulates the inflammatory milieu of the myeloma niche. Blood 2014; 
123:3305-15. 
324. Ribatti D, Nico B, Vacca A. Importance of the bone marrow microenvironment in inducing 
the angiogenic response in multiple myeloma. Oncogene 2006; 25:4257-66. 
325. Scavelli C, Nico B, Cirulli T, Ria R, Di Pietro G, Mangieri D, Bacigalupo A, Mangialardi G, 
Coluccia AM, Caravita T, et al. Vasculogenic mimicry by bone marrow macrophages in patients with 
multiple myeloma. Oncogene 2008; 27:663-74. 
326. Beyer M, Kochanek M, Giese T, Endl E, Weihrauch MR, Knolle PA, Classen S, Schultze JL. 
In vivo peripheral expansion of naive CD4+CD25high FoxP3+ regulatory T cells in patients with 
multiple myeloma. Blood 2006; 107:3940-9. 
327. Feyler S, von Lilienfeld-Toal M, Jarmin S, Marles L, Rawstron A, Ashcroft AJ, Owen RG, 
Selby PJ, Cook G. CD4(+)CD25(+)FoxP3(+) regulatory T cells are increased whilst CD3(+)CD4(-
)CD8(-)alphabetaTCR(+) Double Negative T cells are decreased in the peripheral blood of patients 
with multiple myeloma which correlates with disease burden. British journal of haematology 2009; 
144:686-95. 
328. Giannopoulos K, Kaminska W, Hus I, Dmoszynska A. The frequency of T regulatory cells 
modulates the survival of multiple myeloma patients: detailed characterisation of immune status in 
multiple myeloma. British journal of cancer 2012; 106:546-52. 
329. Muthu Raja KR, Rihova L, Zahradova L, Klincova M, Penka M, Hajek R. Increased T 
regulatory cells are associated with adverse clinical features and predict progression in multiple 
myeloma. PloS one 2012; 7:e47077. 
314 
 
330. Laronne-Bar-On A, Zipori D, Haran-Ghera N. Increased regulatory versus effector T cell 
development is associated with thymus atrophy in mouse models of multiple myeloma. Journal of 
immunology (Baltimore, Md : 1950) 2008; 181:3714-24. 
331. Prabhala RH, Neri P, Bae JE, Tassone P, Shammas MA, Allam CK, Daley JF, Chauhan D, 
Blanchard E, Thatte HS, et al. Dysfunctional T regulatory cells in multiple myeloma. Blood 2006; 
107:301-4. 
332. Guillerey C, Ferrari de Andrade L, Vuckovic S, Miles K, Ngiow SF, Yong MCR, Teng MWL, 
Colonna M, Ritchie DS, Chesi M, et al. Immunosurveillance and therapy of multiple myeloma are 
CD226 dependent. The Journal of clinical investigation 2015; 125:0-. 
333. Ponzetta A, Benigni G, Antonangeli F, Sciume G, Sanseviero E, Zingoni A, Ricciardi MR, 
Petrucci MT, Santoni A, Bernardini G. Multiple Myeloma Impairs Bone Marrow Localization of 
Effector Natural Killer Cells by Altering the Chemokine Microenvironment. Cancer research 2015; 
75:4766-77. 
334. El-Sherbiny YM, Meade JL, Holmes TD, McGonagle D, Mackie SL, Morgan AW, Cook G, 
Feyler S, Richards SJ, Davies FE, et al. The requirement for DNAM-1, NKG2D, and NKp46 in the 
natural killer cell-mediated killing of myeloma cells. Cancer research 2007; 67:8444-9. 
335. Carbone E, Neri P, Mesuraca M, Fulciniti MT, Otsuki T, Pende D, Groh V, Spies T, Pollio 
G, Cosman D, et al. HLA class I, NKG2D, and natural cytotoxicity receptors regulate multiple 
myeloma cell recognition by natural killer cells. Blood 2005; 105:251-8. 
336. Frohn C, Hoppner M, Schlenke P, Kirchner H, Koritke P, Luhm J. Anti-myeloma activity of 
natural killer lymphocytes. British journal of haematology 2002; 119:660-4. 
337. Soriani A, Zingoni A, Cerboni C, Iannitto ML, Ricciardi MR, Di Gialleonardo V, Cippitelli 
M, Fionda C, Petrucci MT, Guarini A, et al. ATM-ATR-dependent up-regulation of DNAM-1 and 
NKG2D ligands on multiple myeloma cells by therapeutic agents results in enhanced NK-cell 
susceptibility and is associated with a senescent phenotype. Blood 2009; 113:3503-11. 
338. Portier M, Zhang XG, Caron E, Lu ZY, Bataille R, Klein B. gamma-Interferon in multiple 
myeloma: inhibition of interleukin-6 (IL-6)-dependent myeloma cell growth and downregulation of 
IL-6-receptor expression in vitro. Blood 1993; 81:3076-82. 
339. Garcia-Sanz R, Gonzalez M, Orfao A, Moro MJ, Hernandez JM, Borrego D, Carnero M, 
Casanova F, Barez A, Jimenez R, et al. Analysis of natural killer-associated antigens in peripheral 
blood and bone marrow of multiple myeloma patients and prognostic implications. British journal of 
haematology 1996; 93:81-8. 
340. Viel S, Charrier E, Marcais A, Rouzaire P, Bienvenu J, Karlin L, Salles G, Walzer T. 
Monitoring NK cell activity in patients with hematological malignancies. Oncoimmunology 2013; 
2:e26011. 
315 
 
341. Bernal M, Garrido P, Jimenez P, Carretero R, Almagro M, Lopez P, Navarro P, Garrido F, 
Ruiz-Cabello F. Changes in activatory and inhibitory natural killer (NK) receptors may induce 
progression to multiple myeloma: implications for tumor evasion of T and NK cells. Human 
immunology 2009; 70:854-7. 
342. Jinushi M, Vanneman M, Munshi NC, Tai YT, Prabhala RH, Ritz J, Neuberg D, Anderson 
KC, Carrasco DR, Dranoff G. MHC class I chain-related protein A antibodies and shedding are 
associated with the progression of multiple myeloma. Proceedings of the National Academy of 
Sciences of the United States of America 2008; 105:1285-90. 
343. Fauriat C, Mallet F, Olive D, Costello RT. Impaired activating receptor expression pattern in 
natural killer cells from patients with multiple myeloma. Leukemia 2006; 20:732-3. 
344. Brown RD, Pope B, Murray A, Esdale W, Sze DM, Gibson J, Ho PJ, Hart D, Joshua D. 
Dendritic cells from patients with myeloma are numerically normal but functionally defective as they 
fail to up-regulate CD80 (B7-1) expression after huCD40LT stimulation because of inhibition by 
transforming growth factor-beta1 and interleukin-10. Blood 2001; 98:2992-8. 
345. Ratta M, Fagnoni F, Curti A, Vescovini R, Sansoni P, Oliviero B, Fogli M, Ferri E, Della 
Cuna GR, Tura S, et al. Dendritic cells are functionally defective in multiple myeloma: the role of 
interleukin-6. Blood 2002; 100:230-7. 
346. Brimnes MK, Svane IM, Johnsen HE. Impaired functionality and phenotypic profile of 
dendritic cells from patients with multiple myeloma. Clinical and experimental immunology 2006; 
144:76-84. 
347. Banerjee DK, Dhodapkar MV, Matayeva E, Steinman RM, Dhodapkar KM. Expansion of 
FOXP3high regulatory T cells by human dendritic cells (DCs) in vitro and after injection of cytokine-
matured DCs in myeloma patients. Blood 2006; 108:2655-61. 
348. Chauhan D, Singh AV, Brahmandam M, Carrasco R, Bandi M, Hideshima T, Bianchi G, 
Podar K, Tai YT, Mitsiades C, et al. Functional interaction of plasmacytoid dendritic cells with 
multiple myeloma cells: a therapeutic target. Cancer Cell 2009; 16:309-23. 
349. Halapi E, Werner A, Wahlstrom J, Osterborg A, Jeddi-Tehrani M, Yi Q, Janson CH, Wigzell 
H, Grunewald J, Mellstedt H. T cell repertoire in patients with multiple myeloma and monoclonal 
gammopathy of undetermined significance: clonal CD8+ T cell expansions are found preferentially 
in patients with a low tumor burden. European journal of immunology 1997; 27:2245-52. 
350. Dhodapkar MV, Krasovsky J, Olson K. T cells from the tumor microenvironment of patients 
with progressive myeloma can generate strong, tumor-specific cytolytic responses to autologous, 
tumor-loaded dendritic cells. Proceedings of the National Academy of Sciences of the United States 
of America 2002; 99:13009-13. 
316 
 
351. Wen YJ, Min R, Tricot G, Barlogie B, Yi Q. Tumor lysate-specific cytotoxic T lymphocytes 
in multiple myeloma: promising effector cells for immunotherapy. Blood 2002; 99:3280-5. 
352. Dhodapkar MV, Krasovsky J, Osman K, Geller MD. Vigorous premalignancy-specific 
effector T cell response in the bone marrow of patients with monoclonal gammopathy. The Journal 
of experimental medicine 2003; 198:1753-7. 
353. Bogen B, Ruffini PA, Corthay A, Fredriksen AB, Froyland M, Lundin K, Rosjo E, Thompson 
K, Massaia M. Idiotype-specific immunotherapy in multiple myeloma: suggestions for future 
directions of research. Haematologica 2006; 91:941-8. 
354. Bryant C, Suen H, Brown R, Yang S, Favaloro J, Aklilu E, Gibson J, Ho PJ, Iland H, Fromm 
P, et al. Long-term survival in multiple myeloma is associated with a distinct immunological profile, 
which includes proliferative cytotoxic T-cell clones and a favourable Treg/Th17 balance. Blood 
cancer journal 2013; 3:e148. 
355. Yi Q, Osterborg A, Bergenbrant S, Mellstedt H, Holm G, Lefvert AK. Idiotype-reactive T-
cell subsets and tumor load in monoclonal gammopathies. Blood 1995; 86:3043-9. 
356. Sharma A, Khan R, Joshi S, Kumar L, Sharma M. Dysregulation in T helper 1/T helper 2 
cytokine ratios in patients with multiple myeloma. Leukemia & lymphoma 2010; 51:920-7. 
357. Frassanito MA, Cusmai A, Dammacco F. Deregulated cytokine network and defective Th1 
immune response in multiple myeloma. Clinical and experimental immunology 2001; 125:190-7. 
358. Prabhala RH, Pelluru D, Fulciniti M, Prabhala HK, Nanjappa P, Song W, Pai C, Amin S, Tai 
YT, Richardson PG, et al. Elevated IL-17 produced by TH17 cells promotes myeloma cell growth 
and inhibits immune function in multiple myeloma. Blood 2010; 115:5385-92. 
359. Shen CJ, Yuan ZH, Liu YX, Hu GY. Increased numbers of T helper 17 cells and the 
correlation with clinicopathological characteristics in multiple myeloma. The Journal of international 
medical research 2012; 40:556-64. 
360. Di Lullo G, Marcatti M, Heltai S, Brunetto E, Tresoldi C, Bondanza A, Bonini C, Ponzoni M, 
Tonon G, Ciceri F, et al. Th22 cells increase in poor prognosis multiple myeloma and promote tumor 
cell growth and survival. Oncoimmunology 2015; 4:e1005460. 
361. Jimenez-Zepeda VH, Reece DE, Trudel S, Chen C, Franke N, Winter A, Tiedemann R, 
Kukreti V. Absolute lymphocyte count as predictor of overall survival for patients with multiple 
myeloma treated with single autologous stem cell transplant. Leukemia & lymphoma 2015; 56:2668-
73. 
362. Kumar S, Witzig TE, Dispenzieri A, Lacy MQ, Wellik LE, Fonseca R, Lust JA, Gertz MA, 
Kyle RA, Greipp PR, et al. Effect of thalidomide therapy on bone marrow angiogenesis in multiple 
myeloma. Leukemia 2004; 18:624-7. 
317 
 
363. Corral LG, Haslett PA, Muller GW, Chen R, Wong LM, Ocampo CJ, Patterson RT, Stirling 
DI, Kaplan G. Differential cytokine modulation and T cell activation by two distinct classes of 
thalidomide analogues that are potent inhibitors of TNF-alpha. Journal of immunology (Baltimore, 
Md : 1950) 1999; 163:380-6. 
364. Hideshima T, Chauhan D, Shima Y, Raje N, Davies FE, Tai YT, Treon SP, Lin B, Schlossman 
RL, Richardson P, et al. Thalidomide and its analogs overcome drug resistance of human multiple 
myeloma cells to conventional therapy. Blood 2000; 96:2943-50. 
365. Kumar S, Gertz MA, Dispenzieri A, Lacy MQ, Geyer SM, Iturria NL, Fonseca R, Hayman 
SR, Lust JA, Kyle RA, et al. Response rate, durability of response, and survival after thalidomide 
therapy for relapsed multiple myeloma. Mayo Clinic proceedings 2003; 78:34-9. 
366. Gorgun G, Calabrese E, Soydan E, Hideshima T, Perrone G, Bandi M, Cirstea D, Santo L, Hu 
Y, Tai YT, et al. Immunomodulatory effects of lenalidomide and pomalidomide on interaction of 
tumor and bone marrow accessory cells in multiple myeloma. Blood 2010; 116:3227-37. 
367. Luptakova K, Rosenblatt J, Glotzbecker B, Mills H, Stroopinsky D, Kufe T, Vasir B, Arnason 
J, Tzachanis D, Zwicker JI, et al. Lenalidomide enhances anti-myeloma cellular immunity. Cancer 
immunology, immunotherapy : CII 2013; 62:39-49. 
368. Davies FE, Raje N, Hideshima T, Lentzsch S, Young G, Tai YT, Lin B, Podar K, Gupta D, 
Chauhan D, et al. Thalidomide and immunomodulatory derivatives augment natural killer cell 
cytotoxicity in multiple myeloma. Blood 2001; 98:210-6. 
369. Song W, van der Vliet HJ, Tai YT, Prabhala R, Wang R, Podar K, Catley L, Shammas MA, 
Anderson KC, Balk SP, et al. Generation of antitumor invariant natural killer T cell lines in multiple 
myeloma and promotion of their functions via lenalidomide: a strategy for immunotherapy. Clinical 
cancer research : an official journal of the American Association for Cancer Research 2008; 14:6955-
62. 
370. Lioznov M, El-Cheikh J, Jr., Hoffmann F, Hildebrandt Y, Ayuk F, Wolschke C, Atanackovic 
D, Schilling G, Badbaran A, Bacher U, et al. Lenalidomide as salvage therapy after allo-SCT for 
multiple myeloma is effective and leads to an increase of activated NK (NKp44(+)) and T (HLA-
DR(+)) cells. Bone marrow transplantation 2010; 45:349-53. 
371. Nencioni A, Grunebach F, Patrone F, Ballestrero A, Brossart P. Proteasome inhibitors: 
antitumor effects and beyond. Leukemia 2007; 21:30-6. 
372. Jagannath S, Barlogie B, Berenson J, Siegel D, Irwin D, Richardson PG, Niesvizky R, 
Alexanian R, Limentani SA, Alsina M, et al. A phase 2 study of two doses of bortezomib in relapsed 
or refractory myeloma. British journal of haematology 2004; 127:165-72. 
318 
 
373. Thounaojam MC, Dudimah DF, Pellom ST, Jr., Uzhachenko RV, Carbone DP, Dikov MM, 
Shanker A. Bortezomib enhances expression of effector molecules in anti-tumor CD8+ T 
lymphocytes by promoting Notch-nuclear factor-kappaB crosstalk. Oncotarget 2015; 6:32439-55. 
374. Shi J, Tricot GJ, Garg TK, Malaviarachchi PA, Szmania SM, Kellum RE, Storrie B, Mulder 
A, Shaughnessy JD, Jr., Barlogie B, et al. Bortezomib down-regulates the cell-surface expression of 
HLA class I and enhances natural killer cell-mediated lysis of myeloma. Blood 2008; 111:1309-17. 
375. Spisek R, Charalambous A, Mazumder A, Vesole DH, Jagannath S, Dhodapkar MV. 
Bortezomib enhances dendritic cell (DC)-mediated induction of immunity to human myeloma via 
exposure of cell surface heat shock protein 90 on dying tumor cells: therapeutic implications. Blood 
2007; 109:4839-45. 
376. Chauhan D, Catley L, Li G, Podar K, Hideshima T, Velankar M, Mitsiades C, Mitsiades N, 
Yasui H, Letai A, et al. A novel orally active proteasome inhibitor induces apoptosis in multiple 
myeloma cells with mechanisms distinct from Bortezomib. Cancer Cell 2005; 8:407-19. 
377. D'Agostino M, Boccadoro M, Smith EL. Novel Immunotherapies for Multiple Myeloma. 
Current hematologic malignancy reports 2017; 12:344-57. 
378. Kohler M, Greil C, Hudecek M, Lonial S, Raje N, Wasch R, Engelhardt M. Current 
developments in immunotherapy in the treatment of multiple myeloma. Cancer 2018. 
379. Lokhorst HM, Plesner T, Laubach JP, Nahi H, Gimsing P, Hansson M, Minnema MC, Lassen 
U, Krejcik J, Palumbo A, et al. Targeting CD38 with Daratumumab Monotherapy in Multiple 
Myeloma. The New England journal of medicine 2015; 373:1207-19. 
380. Lonial S, Weiss BM, Usmani SZ, Singhal S, Chari A, Bahlis NJ, Belch A, Krishnan A, Vescio 
RA, Mateos MV, et al. Daratumumab monotherapy in patients with treatment-refractory multiple 
myeloma (SIRIUS): an open-label, randomised, phase 2 trial. Lancet 2016; 387:1551-60. 
381. Costello C. An update on the role of daratumumab in the treatment of multiple myeloma. 
Therapeutic advances in hematology 2017; 8:28-37. 
382. Collins SM, Bakan CE, Swartzel GD, Hofmeister CC, Efebera YA, Kwon H, Starling GC, 
Ciarlariello D, Bhaskar S, Briercheck EL, et al. Elotuzumab directly enhances NK cell cytotoxicity 
against myeloma via CS1 ligation: evidence for augmented NK cell function complementing ADCC. 
Cancer immunology, immunotherapy : CII 2013; 62:1841-9. 
383. van de Donk NW, Moreau P, Plesner T, Palumbo A, Gay F, Laubach JP, Malavasi F, Avet-
Loiseau H, Mateos MV, Sonneveld P, et al. Clinical efficacy and management of monoclonal 
antibodies targeting CD38 and SLAMF7 in multiple myeloma. Blood 2016; 127:681-95. 
384. Zonder JA, Mohrbacher AF, Singhal S, van Rhee F, Bensinger WI, Ding H, Fry J, Afar DE, 
Singhal AK. A phase 1, multicenter, open-label, dose escalation study of elotuzumab in patients with 
advanced multiple myeloma. Blood 2012; 120:552-9. 
319 
 
385. Lonial S, Dimopoulos M, Palumbo A, White D, Grosicki S, Spicka I, Walter-Croneck A, 
Moreau P, Mateos MV, Magen H, et al. Elotuzumab Therapy for Relapsed or Refractory Multiple 
Myeloma. The New England journal of medicine 2015; 373:621-31. 
386. Tamura H. Immunopathogenesis and immunotherapy of multiple myeloma. International 
journal of hematology 2018; 107:278-85. 
387. Berdeja JG, Lin Y, Raje N, Siegel D, Munshi N, Turka A, Lam LP, Quigley MT, 
Kochenderfer JN. Clinical remissions and limited toxicity in a first-in-human multicenter study of 
bb2121, a novel anti-BCMA CAR T cell therapy for relapsed/refractory multiple myeloma. European 
Journal of Cancer; 69:S5. 
388. Fan F, Zhao W, Liu J, He A, Chen Y, Cao X, Yang N, Wang B, Zhang P, Zhang Y, et al. 
Durable remissions with BCMA-specific chimeric antigen receptor (CAR)-modified T cells in 
patients with refractory/relapsed multiple myeloma. Journal of Clinical Oncology 2017; 
35:LBA3001-LBA. 
389. Garfall AL, Maus MV, Hwang WT, Lacey SF, Mahnke YD, Melenhorst JJ, Zheng Z, Vogl 
DT, Cohen AD, Weiss BM, et al. Chimeric Antigen Receptor T Cells against CD19 for Multiple 
Myeloma. The New England journal of medicine 2015; 373:1040-7. 
390. Guo B, Chen M, Han Q, Hui F, Dai H, Zhang W, Zhang Y, Wang Y, Zhu H, Han W. CD138-
directed adoptive immunotherapy of chimeric antigen receptor (CAR)-modified T cells for multiple 
myeloma. Journal of Cellular Immunotherapy 2016; 2:28-35. 
391. Rosenblatt J, Glotzbecker B, Mills H, Vasir B, Tzachanis D, Levine JD, Joyce RM, 
Wellenstein K, Keefe W, Schickler M, et al. PD-1 blockade by CT-011, anti-PD-1 antibody, enhances 
ex vivo T-cell responses to autologous dendritic cell/myeloma fusion vaccine. Journal of 
immunotherapy (Hagerstown, Md : 1997) 2011; 34:409-18. 
392. Liu J, Hamrouni A, Wolowiec D, Coiteux V, Kuliczkowski K, Hetuin D, Saudemont A, 
Quesnel B. Plasma cells from multiple myeloma patients express B7-H1 (PD-L1) and increase 
expression after stimulation with IFN-{gamma} and TLR ligands via a MyD88-, TRAF6-, and MEK-
dependent pathway. Blood 2007; 110:296-304. 
393. Yousef S, Marvin J, Steinbach M, Langemo A, Kovacsovics T, Binder M, Kroger N, Luetkens 
T, Atanackovic D. Immunomodulatory molecule PD-L1 is expressed on malignant plasma cells and 
myeloma-propagating pre-plasma cells in the bone marrow of multiple myeloma patients. Blood 
cancer journal 2015; 5:e285. 
394. Gorgun G, Samur MK, Cowens KB, Paula S, Bianchi G, Anderson JE, White RE, Singh A, 
Ohguchi H, Suzuki R, et al. Lenalidomide Enhances Immune Checkpoint Blockade-Induced Immune 
Response in Multiple Myeloma. Clinical cancer research : an official journal of the American 
Association for Cancer Research 2015; 21:4607-18. 
320 
 
395. Tamura H, Ishibashi M, Yamashita T, Tanosaki S, Okuyama N, Kondo A, Hyodo H, Shinya 
E, Takahashi H, Dong H, et al. Marrow stromal cells induce B7-H1 expression on myeloma cells, 
generating aggressive characteristics in multiple myeloma. Leukemia 2013; 27:464-72. 
396. Ray A, Das DS, Song Y, Richardson P, Munshi NC, Chauhan D, Anderson KC. Targeting 
PD1-PDL1 immune checkpoint in plasmacytoid dendritic cell interactions with T cells, natural killer 
cells and multiple myeloma cells. Leukemia 2015; 29:1441-4. 
397. Ishibashi M, Tamura H, Sunakawa M, Kondo-Onodera A, Okuyama N, Hamada Y, Moriya 
K, Choi I, Tamada K, Inokuchi K. Myeloma Drug Resistance Induced by Binding of Myeloma B7-
H1 (PD-L1) to PD-1. Cancer immunology research 2016; 4:779-88. 
398. Wang L, Wang H, Chen H, Wang WD, Chen XQ, Geng QR, Xia ZJ, Lu Y. Serum levels of 
soluble programmed death ligand 1 predict treatment response and progression free survival in 
multiple myeloma. Oncotarget 2015; 6:41228-36. 
399. Paiva B, Azpilikueta A, Puig N, Ocio EM, Sharma R, Oyajobi BO, Labiano S, San-Segundo 
L, Rodriguez A, Aires-Mejia I, et al. PD-L1/PD-1 presence in the tumor microenvironment and 
activity of PD-1 blockade in multiple myeloma. Leukemia 2015; 29:2110-3. 
400. Hallett WH, Jing W, Drobyski WR, Johnson BD. Immunosuppressive effects of multiple 
myeloma are overcome by PD-L1 blockade. Biology of blood and marrow transplantation : journal 
of the American Society for Blood and Marrow Transplantation 2011; 17:1133-45. 
401. Lesokhin AM, Ansell SM, Armand P, Scott EC, Halwani A, Gutierrez M, Millenson MM, 
Cohen AD, Schuster SJ, Lebovic D, et al. Nivolumab in Patients With Relapsed or Refractory 
Hematologic Malignancy: Preliminary Results of a Phase Ib Study. Journal of clinical oncology : 
official journal of the American Society of Clinical Oncology 2016; 34:2698-704. 
402. Mateos M-V, Orlowski RZ, Siegel DSD, Reece DE, Moreau P, Ocio EM, Shah JJ, Rodríguez-
Otero P, Munshi NC, Avigan D, et al. Pembrolizumab in combination with lenalidomide and low-
dose dexamethasone for relapsed/refractory multiple myeloma (RRMM): Final efficacy and safety 
analysis. Journal of Clinical Oncology 2016; 34:8010-. 
403. Karabon L, Pawlak-Adamska E, Tomkiewicz A, Jedynak A, Kielbinski M, Woszczyk D, 
Potoczek S, Jonkisz A, Kuliczkowski K, Frydecka I. Variations in suppressor molecule ctla-4 gene 
are related to susceptibility to multiple myeloma in a polish population. Pathology oncology research 
: POR 2012; 18:219-26. 
404. Zheng C, Huang D, Liu L, Bjorkholm M, Holm G, Yi Q, Sundblad A. Cytotoxic T-
lymphocyte antigen-4 microsatellite polymorphism is associated with multiple myeloma. British 
journal of haematology 2001; 112:216-8. 
405. Braga WM, da Silva BR, de Carvalho AC, Maekawa YH, Bortoluzzo AB, Rizzatti EG, 
Atanackovic D, Colleoni GW. FOXP3 and CTLA4 overexpression in multiple myeloma bone 
321 
 
marrow as a sign of accumulation of CD4(+) T regulatory cells. Cancer immunology, immunotherapy 
: CII 2014; 63:1189-97. 
406. Bashey A, Medina B, Corringham S, Pasek M, Carrier E, Vrooman L, Lowy I, Solomon SR, 
Morris LE, Holland HK, et al. CTLA4 blockade with ipilimumab to treat relapse of malignancy after 
allogeneic hematopoietic cell transplantation. Blood 2009; 113:1581-8. 
407. Benson DM. Checkpoint inhibition in myeloma. ASH Education Program Book 2016; 
2016:528-33. 
408. Muntasell A, Ochoa MC, Cordeiro L, Berraondo P, Lopez-Diaz de Cerio A, Cabo M, Lopez-
Botet M, Melero I. Targeting NK-cell checkpoints for cancer immunotherapy. Current opinion in 
immunology 2017; 45:73-81. 
409. Benson DM, Jr., Hofmeister CC, Padmanabhan S, Suvannasankha A, Jagannath S, Abonour 
R, Bakan C, Andre P, Efebera Y, Tiollier J, et al. A phase 1 trial of the anti-KIR antibody IPH2101 
in patients with relapsed/refractory multiple myeloma. Blood 2012; 120:4324-33. 
410. Konjevic G, Vuletic A, Mirjacic Martinovic K, Colovic N, Colovic M, Jurisic V. Decreased 
CD161 activating and increased CD158a inhibitory receptor expression on NK cells underlies 
impaired NK cell cytotoxicity in patients with multiple myeloma. Journal of clinical pathology 2016. 
411. Benson DM, Jr., Bakan CE, Zhang S, Collins SM, Liang J, Srivastava S, Hofmeister CC, 
Efebera Y, Andre P, Romagne F, et al. IPH2101, a novel anti-inhibitory KIR antibody, and 
lenalidomide combine to enhance the natural killer cell versus multiple myeloma effect. Blood 2011; 
118:6387-91. 
412. Korde N, Carlsten M, Lee MJ, Minter A, Tan E, Kwok M, Manasanch E, Bhutani M, Tageja 
N, Roschewski M, et al. A phase II trial of pan-KIR2D blockade with IPH2101 in smoldering multiple 
myeloma. Haematologica 2014; 99:e81-3. 
413. Knight DA, Ngiow SF, Li M, Parmenter T, Mok S, Cass A, Haynes NM, Kinross K, Yagita 
H, Koya RC, et al. Host immunity contributes to the anti-melanoma activity of BRAF inhibitors. The 
Journal of clinical investigation 2013; 123:1371-81. 
414. Chesi M, Matthews GM, Garbitt VM, Palmer SE, Shortt J, Lefebure M, Stewart AK, 
Johnstone RW, Bergsagel PL. Drug response in a genetically engineered mouse model of multiple 
myeloma is predictive of clinical efficacy. Blood 2012; 120:376-85. 
415. Mayer CT, Tian L, Hesse C, Kuhl AA, Swallow M, Kruse F, Thiele M, Gershwin ME, Liston 
A, Sparwasser T. Anti-CD4 treatment inhibits autoimmunity in scurfy mice through the attenuation 
of co-stimulatory signals. Journal of autoimmunity 2014; 50:23-32. 
416. Smyth MJ, Ngiow SF, Ribas A, Teng MW. Combination cancer immunotherapies tailored to 
the tumour microenvironment. Nature reviews Clinical oncology 2016; 13:143-58. 
322 
 
417. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, Schadendorf D, 
Dummer R, Smylie M, Rutkowski P, et al. Combined Nivolumab and Ipilimumab or Monotherapy 
in Untreated Melanoma. The New England journal of medicine 2015; 373:23-34. 
418. Boutros C, Tarhini A, Routier E, Lambotte O, Ladurie FL, Carbonnel F, Izzeddine H, 
Marabelle A, Champiat S, Berdelou A, et al. Safety profiles of anti-CTLA-4 and anti-PD-1 antibodies 
alone and in combination. Nature reviews Clinical oncology 2016; 13:473-86. 
419. Latchman YE, Liang SC, Wu Y, Chernova T, Sobel RA, Klemm M, Kuchroo VK, Freeman 
GJ, Sharpe AH. PD-L1-deficient mice show that PD-L1 on T cells, antigen-presenting cells, and host 
tissues negatively regulates T cells. Proceedings of the National Academy of Sciences of the United 
States of America 2004; 101:10691-6. 
420. Dong H, Zhu G, Tamada K, Flies DB, van Deursen JM, Chen L. B7-H1 determines 
accumulation and deletion of intrahepatic CD8(+) T lymphocytes. Immunity 2004; 20:327-36. 
421. Zhu G, Augustine MM, Azuma T, Luo L, Yao S, Anand S, Rietz AC, Huang J, Xu H, Flies 
AS, et al. B7-H4-deficient mice display augmented neutrophil-mediated innate immunity. Blood 
2009; 113:1759-67. 
422. Blake SJ, Dougall WC, Miles JJ, Teng MW, Smyth MJ. Molecular Pathways: Targeting CD96 
and TIGIT for Cancer Immunotherapy. Clinical cancer research : an official journal of the American 
Association for Cancer Research 2016; 22:5183-8. 
423. Zhu Y, Paniccia A, Schulick AC, Chen W, Koenig MR, Byers JT, Yao S, Bevers S, Edil BH. 
Identification of CD112R as a novel checkpoint for human T cells. The Journal of experimental 
medicine 2016; 213:167-76. 
424. Hung AL, Maxwell R, Theodros D, Belcaid Z, Mathios D, Luksik AS, Kim E, Wu A, Xia Y, 
Garzon-Muvdi T, et al. TIGIT and PD-1 dual checkpoint blockade enhances antitumor immunity and 
survival in GBM. Oncoimmunology 2018; 7:e1466769. 
425. Ellestad KK, Thangavelu G, Ewen CL, Boon L, Anderson CC. PD-1 is not required for natural 
or peripherally induced regulatory T cells: Severe autoimmunity despite normal production of 
regulatory T cells. European journal of immunology 2014; 44:3560-72. 
426. Koyama S, Akbay EA, Li YY, Herter-Sprie GS, Buczkowski KA, Richards WG, Gandhi L, 
Redig AJ, Rodig SJ, Asahina H, et al. Adaptive resistance to therapeutic PD-1 blockade is associated 
with upregulation of alternative immune checkpoints. Nature communications 2016; 7:10501. 
427. Horne-Debets JM, Faleiro R, Karunarathne DS, Liu XQ, Lineburg KE, Poh CM, Grotenbreg 
GM, Hill GR, MacDonald KP, Good MF, et al. PD-1 dependent exhaustion of CD8+ T cells drives 
chronic malaria. Cell Rep 2013; 5:1204-13. 
323 
 
428. Su S, Hu B, Shao J, Shen B, Du J, Du Y, Zhou J, Yu L, Zhang L, Chen F, et al. CRISPR-Cas9 
mediated efficient PD-1 disruption on human primary T cells from cancer patients. Scientific reports 
2016; 6:20070. 
429. Hayakawa Y, Smyth MJ. CD27 Dissects Mature NK Cells into Two Subsets with Distinct 
Responsiveness and Migratory Capacity. The Journal of Immunology 2006; 176:1517-24. 
430. Huntington ND, Tabarias H, Fairfax K, Brady J, Hayakawa Y, Degli-Esposti MA, Smyth MJ, 
Tarlinton DM, Nutt SL. NK cell maturation and peripheral homeostasis is associated with KLRG1 
up-regulation. Journal of immunology (Baltimore, Md : 1950) 2007; 178:4764-70. 
431. Juneja VR, McGuire KA, Manguso RT, LaFleur MW, Collins N, Haining WN, Freeman GJ, 
Sharpe AH. PD-L1 on tumor cells is sufficient for immune evasion in immunogenic tumors and 
inhibits CD8 T cell cytotoxicity. The Journal of experimental medicine 2017; 214:895-904. 
432. Marcais A, Viel S, Grau M, Henry T, Marvel J, Walzer T. Regulation of mouse NK cell 
development and function by cytokines. Frontiers in immunology 2013; 4:450. 
433. Kennedy MK, Glaccum M, Brown SN, Butz EA, Viney JL, Embers M, Matsuki N, Charrier 
K, Sedger L, Willis CR, et al. Reversible defects in natural killer and memory CD8 T cell lineages in 
interleukin 15-deficient mice. The Journal of experimental medicine 2000; 191:771-80. 
434. Lodolce JP, Boone DL, Chai S, Swain RE, Dassopoulos T, Trettin S, Ma A. IL-15 receptor 
maintains lymphoid homeostasis by supporting lymphocyte homing and proliferation. Immunity 
1998; 9:669-76. 
435. Goto S, Konnai S, Okagawa T, Nishimori A, Maekawa N, Gondaira S, Higuchi H, Koiwa M, 
Tajima M, Kohara J, et al. Increase of cells expressing PD-1 and PD-L1 and enhancement of IFN-
gamma production via PD-1/PD-L1 blockade in bovine mycoplasmosis. Immunity, inflammation and 
disease 2017; 5:355-63. 
436. Callahan MK, Wolchok JD. At the bedside: CTLA-4- and PD-1-blocking antibodies in cancer 
immunotherapy. J Leukoc Biol 2013; 94:41-53. 
437. Martin-Liberal J, Furness AJ, Joshi K, Peggs KS, Quezada SA, Larkin J. Anti-programmed 
cell death-1 therapy and insulin-dependent diabetes: a case report. Cancer immunology, 
immunotherapy : CII 2015; 64:765-7. 
438. Bostwick AD, Salama AK, Hanks BA. Rapid complete response of metastatic melanoma in a 
patient undergoing ipilimumab immunotherapy in the setting of active ulcerative colitis. Journal for 
immunotherapy of cancer 2015; 3:19. 
439. Laubli H, Balmelli C, Bossard M, Pfister O, Glatz K, Zippelius A. Acute heart failure due to 
autoimmune myocarditis under pembrolizumab treatment for metastatic melanoma. Journal for 
immunotherapy of cancer 2015; 3:11. 
324 
 
440. Hughes J, Vudattu N, Sznol M, Gettinger S, Kluger H, Lupsa B, Herold KC. Precipitation of 
autoimmune diabetes with anti-PD-1 immunotherapy. Diabetes care 2015; 38:e55-7. 
441. Byun DJ, Wolchok JD, Rosenberg LM, Girotra M. Cancer immunotherapy - immune 
checkpoint blockade and associated endocrinopathies. Nature reviews Endocrinology 2017; 13:195-
207. 
442. Cojocaru M, Cojocaru IM, Silosi I, Vrabie CD. Pulmonary manifestations of systemic 
autoimmune diseases. Maedica 2011; 6:224-9. 
443. Cojocaru M, Cojocaru IM, Silosi I, Vrabie CD. Gastrointestinal manifestations in systemic 
autoimmune diseases. Maedica 2011; 6:45-51. 
444. Vasanthakumar A, Moro K, Xin A, Liao Y, Gloury R, Kawamoto S, Fagarasan S, Mielke LA, 
Afshar-Sterle S, Masters SL, et al. The transcriptional regulators IRF4, BATF and IL-33 orchestrate 
development and maintenance of adipose tissue-resident regulatory T cells. Nature immunology 
2015; 16:276-85. 
445. Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, Lee J, Goldfine AB, Benoist 
C, Shoelson S, et al. Lean, but not obese, fat is enriched for a unique population of regulatory T cells 
that affect metabolic parameters. Nat Med 2009; 15:930-9. 
446. Mahoney KM, Rennert PD, Freeman GJ. Combination cancer immunotherapy and new 
immunomodulatory targets. Nat Rev Drug Discov 2015; 14:561-84. 
447. Melero I, Berman DM, Aznar MA, Korman AJ, Perez Gracia JL, Haanen J. Evolving 
synergistic combinations of targeted immunotherapies to combat cancer. Nature reviews Cancer 
2015; 15:457-72. 
448. Walker LS, Sansom DM. The emerging role of CTLA4 as a cell-extrinsic regulator of T cell 
responses. Nature reviews Immunology 2011; 11:852-63. 
449. Flies DB, Sandler BJ, Sznol M, Chen L. Blockade of the B7-H1/PD-1 pathway for cancer 
immunotherapy. The Yale journal of biology and medicine 2011; 84:409-21. 
450. Nagumo Y, Iguchi-Manaka A, Yamashita-Kanemaru Y, Abe F, Bernhardt G, Shibuya A, 
Shibuya K. Increased CD112 expression in methylcholanthrene-induced tumors in CD155-deficient 
mice. PloS one 2014; 9:e112415. 
451. Solecki DJ, Gromeier M, Mueller S, Bernhardt G, Wimmer E. Expression of the human 
poliovirus receptor/CD155 gene is activated by sonic hedgehog. The Journal of biological chemistry 
2002; 277:25697-702. 
452. Escalante NK, von Rossum A, Lee M, Choy JC. CD155 on human vascular endothelial cells 
attenuates the acquisition of effector functions in CD8 T cells. Arteriosclerosis, thrombosis, and 
vascular biology 2011; 31:1177-84. 
325 
 
453. Chauvin J-M, Pagliano O, Fourcade J, Sun Z, Wang H, Sander C, Kirkwood JM, Chen T-hT, 
Maurer M, Korman AJ, et al. TIGIT and PD-1 impair tumor antigen–specific CD8+ T cells in 
melanoma patients. The Journal of clinical investigation 2015; 125:0-. 
454. Ngiow SF, Young A, Jacquelot N, Yamazaki T, Enot D, Zitvogel L, Smyth MJ. A Threshold 
Level of Intratumor CD8+ T-cell PD1 Expression Dictates Therapeutic Response to Anti-PD1. 
Cancer research 2015; 75:3800-11. 
455. Haynes NM, Hawkins ED, Li M, McLaughlin NM, Hammerling GJ, Schwendener R, Winoto 
A, Wensky A, Yagita H, Takeda K, et al. CD11c+ dendritic cells and B cells contribute to the 
tumoricidal activity of anti-DR5 antibody therapy in established tumors. Journal of immunology 
(Baltimore, Md : 1950) 2010; 185:532-41. 
456. Gao Y, Souza-Fonseca-Guimaraes F, Bald T, Ng SS, Young A, Ngiow SF, Rautela J, Straube 
J, Waddell N, Blake SJ, et al. Tumor immunoevasion by the conversion of effector NK cells into type 
1 innate lymphoid cells. Nature immunology 2017; 18:1004-15. 
457. Young A, Ngiow SF, Gao Y, Patch AM, Barkauskas DS, Messaoudene M, Lin G, Coudert 
JD, Stannard KA, Zitvogel L, et al. A2AR adenosine signaling suppresses natural killer cell 
maturation in the tumor microenvironment. Cancer research 2017. 
458. Sato E, Olson SH, Ahn J, Bundy B, Nishikawa H, Qian F, Jungbluth AA, Frosina D, Gnjatic 
S, Ambrosone C, et al. Intraepithelial CD8+ tumor-infiltrating lymphocytes and a high 
CD8+/regulatory T cell ratio are associated with favorable prognosis in ovarian cancer. Proceedings 
of the National Academy of Sciences of the United States of America 2005; 102:18538-43. 
459. Shang B, Liu Y, Jiang SJ, Liu Y. Prognostic value of tumor-infiltrating FoxP3+ regulatory T 
cells in cancers: a systematic review and meta-analysis. Scientific reports 2015; 5:15179. 
460. Quezada SA, Peggs KS, Curran MA, Allison JP. CTLA4 blockade and GM-CSF combination 
immunotherapy alters the intratumor balance of effector and regulatory T cells. The Journal of clinical 
investigation 2006; 116:1935-45. 
461. Curran MA, Montalvo W, Yagita H, Allison JP. PD-1 and CTLA-4 combination blockade 
expands infiltrating T cells and reduces regulatory T and myeloid cells within B16 melanoma tumors. 
Proceedings of the National Academy of Sciences of the United States of America 2010; 107:4275-
80. 
462. Juneja VR, McGuire KA, Manguso RT, LaFleur MW, Collins N, Haining WN, Freeman GJ, 
Sharpe AH. PD-L1 on tumor cells is sufficient for immune evasion in immunogenic tumors and 
inhibits CD8 T cell cytotoxicity. The Journal of experimental medicine 2017; 214:895-904. 
463. Putz EM, Guillerey C, Kos K, Stannard K, Miles K, Delconte RB, Takeda K, Nicholson SE, 
Huntington ND, Smyth MJ. Targeting cytokine signaling checkpoint CIS activates NK cells to protect 
from tumor initiation and metastasis. Oncoimmunology 2017; 6:e1267892. 
326 
 
464. Wang B, Zhang W, Jankovic V, Golubov J, Poon P, Oswald EM, Gurer C, Wei J, Ramos I, 
Wu Q, et al. Combination cancer immunotherapy targeting PD-1 and GITR can rescue CD8(+) T cell 
dysfunction and maintain memory phenotype. Sci Immunol 2018; 3. 
465. Palumbo A, Anderson K. Multiple myeloma. The New England journal of medicine 2011; 
364:1046-60. 
466. Osterborg A, Nilsson B, Bjorkholm M, Holm G, Mellstedt H. Natural killer cell activity in 
monoclonal gammopathies: relation to disease activity. European journal of haematology 1990; 
45:153-7. 
467. Dhodapkar MV, Geller MD, Chang DH, Shimizu K, Fujii S-I, Dhodapkar KM, Krasovsky J. 
A Reversible Defect in Natural Killer T Cell Function Characterizes the Progression of Premalignant 
to Malignant Multiple Myeloma. The Journal of experimental medicine 2003; 197:1667-76. 
468. Kronke J, Udeshi ND, Narla A, Grauman P, Hurst SN, McConkey M, Svinkina T, Heckl D, 
Comer E, Li X, et al. Lenalidomide causes selective degradation of IKZF1 and IKZF3 in multiple 
myeloma cells. Science (New York, NY) 2014; 343:301-5. 
469. Quach H, Ritchie D, Stewart AK, Neeson P, Harrison S, Smyth MJ, Prince HM. Mechanism 
of action of immunomodulatory drugs (IMiDS) in multiple myeloma. Leukemia 2010; 24:22-32. 
470. Manieri NA, Chiang EY, Grogan JL. TIGIT: A Key Inhibitor of the Cancer Immunity Cycle. 
Trends in immunology 2017; 38:20-8. 
471. Martinez-Sanchez MV, Periago A, Legaz I, Gimeno L, Mrowiec A, Montes-Barqueros NR, 
Campillo JA, Bolarin JM, Bernardo MV, Lopez-Alvarez MR, et al. Overexpression of KIR inhibitory 
ligands (HLA-I) determines that immunosurveillance of myeloma depends on diverse and strong NK 
cell licensing. Oncoimmunology 2016; 5:e1093721. 
472. Antonangeli F, Soriani A, Ricci B, Ponzetta A, Benigni G, Morrone S, Bernardini G, Santoni 
A. Natural killer cell recognition of in vivo drug-induced senescent multiple myeloma cells. 
Oncoimmunology 2016; 5:e1218105. 
473. Yadav M, Green C, Ma C, Robert A, Glibicky A, Nakamura R, Sumiyoshi T, Meng R, Chu 
Y-W, Wu J, et al. Tigit, CD226 and PD-L1/PD-1 Are Highly Expressed By Marrow-Infiltrating T 
Cells in Patients with Multiple Myeloma. Blood 2016; 128:2102-. 
474. Martinet L, Smyth MJ. Balancing natural killer cell activation through paired receptors. 
Nature reviews Immunology 2015; 15:243-54. 
475. Manieri NA, Chiang EY, Grogan JL. TIGIT: A Key Inhibitor of the Cancer Immunity Cycle. 
Trends in immunology; 38:20-8. 
476. Xu F, Sunderland A, Zhou Y, Schulick RD, Edil BH, Zhu Y. Blockade of CD112R and TIGIT 
signaling sensitizes human natural killer cell functions. Cancer immunology, immunotherapy : CII 
2017; 66:1367-75. 
327 
 
477. Chames P, Van Regenmortel M, Weiss E, Baty D. Therapeutic antibodies: successes, 
limitations and hopes for the future. British journal of pharmacology 2009; 157:220-33. 
478. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, Freeman GJ, Ahmed R. 
Restoring function in exhausted CD8 T cells during chronic viral infection. Nature 2006; 439:682-7. 
479. Erickson JJ, Lu P, Wen S, Hastings AK, Gilchuk P, Joyce S, Shyr Y, Williams JV. Acute 
Viral Respiratory Infection Rapidly Induces a CD8+ T Cell Exhaustion–like Phenotype. The Journal 
of Immunology 2015; 195:4319-30. 
480. Eigenmann MJ, Fronton L, Grimm HP, Otteneder MB, Krippendorff BF. Quantification of 
IgG monoclonal antibody clearance in tissues. mAbs 2017; 9:1007-15. 
481. Marabelle A, Kohrt H, Levy R. New insights into the mechanism of action of immune 
checkpoint antibodies. Oncoimmunology 2014; 3:e954869. 
482. Selby MJ, Engelhardt JJ, Quigley M, Henning KA, Chen T, Srinivasan M, Korman AJ. Anti-
CTLA-4 antibodies of IgG2a isotype enhance antitumor activity through reduction of intratumoral 
regulatory T cells. Cancer immunology research 2013; 1:32-42. 
483. Simpson TR, Li F, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K, Arce F, Roddie C, 
Henry JY, Yagita H, Wolchok JD, et al. Fc-dependent depletion of tumor-infiltrating regulatory T 
cells co-defines the efficacy of anti-CTLA-4 therapy against melanoma. The Journal of experimental 
medicine 2013; 210:1695-710. 
484. Zhao E, Xu H, Wang L, Kryczek I, Wu K, Hu Y, Wang G, Zou W. Bone marrow and the 
control of immunity. Cellular & molecular immunology 2012; 9:11-9. 
485. Wang C, Yu X, Cao Q, Wang Y, Zheng G, Tan TK, Zhao H, Zhao Y, Wang Y, Harris D. 
Characterization of murine macrophages from bone marrow, spleen and peritoneum. BMC Immunol 
2013; 14:6. 
486. Postow MA, Sidlow R, Hellmann MD. Immune-Related Adverse Events Associated with 
Immune Checkpoint Blockade. The New England journal of medicine 2018; 378:158-68. 
487. Motzer RJ, Escudier B, McDermott DF, George S, Hammers HJ, Srinivas S, Tykodi SS, 
Sosman JA, Procopio G, Plimack ER, et al. Nivolumab versus Everolimus in Advanced Renal-Cell 
Carcinoma. New England Journal of Medicine 2015; 373:1803-13. 
488. Postow MA, Chesney J, Pavlick AC, Robert C, Grossmann K, McDermott D, Linette GP, 
Meyer N, Giguere JK, Agarwala SS, et al. Nivolumab and Ipilimumab versus Ipilimumab in 
Untreated Melanoma. New England Journal of Medicine; 0:null. 
489. Liu J, Blake SJ, Harjunpaa H, Fairfax KA, Yong MC, Allen S, Kohrt HE, Takeda K, Smyth 
MJ, Teng MW. Assessing Immune-Related Adverse Events of Efficacious Combination 
Immunotherapies in Preclinical Models of Cancer. Cancer research 2016; 76:5288-301. 
328 
 
490. Yonezawa A, Dutt S, Chester C, kim J, Kohrt HE. Boosting Cancer Immunotherapy with 
Anti-CD137 Antibody Therapy. Clinical Cancer Research 2015. 
491. Rankin LC, Artis D. Beyond Host Defense: Emerging Functions of the Immune System in 
Regulating Complex Tissue Physiology. Cell; 173:554-67. 
492. Brestoff JR, Artis D. Immune regulation of metabolic homeostasis in health and disease. Cell 
2015; 161:146-60. 
493. Lynch L, Nowak M, Varghese B, Clark J, Hogan AE, Toxavidis V, Balk SP, O'Shea D, 
O'Farrelly C, Exley MA. Adipose tissue invariant NKT cells protect against diet-induced obesity and 
metabolic disorder through regulatory cytokine production. Immunity 2012; 37:574-87. 
494. Wu D, Molofsky AB, Liang HE, Ricardo-Gonzalez RR, Jouihan HA, Bando JK, Chawla A, 
Locksley RM. Eosinophils sustain adipose alternatively activated macrophages associated with 
glucose homeostasis. Science (New York, NY) 2011; 332:243-7. 
495. Hams E, Locksley RM, McKenzie AN, Fallon PG. Cutting edge: IL-25 elicits innate lymphoid 
type 2 and type II NKT cells that regulate obesity in mice. Journal of immunology (Baltimore, Md : 
1950) 2013; 191:5349-53. 
496. Zlotnikov-Klionsky Y, Nathansohn-Levi B, Shezen E, Rosen C, Kagan S, Bar-On L, Jung S, 
Shifrut E, Reich-Zeliger S, Friedman N, et al. Perforin-Positive Dendritic Cells Exhibit an Immuno-
regulatory Role in Metabolic Syndrome and Autoimmunity. Immunity 2015. 
497. Pejnovic NN, Pantic JM, Jovanovic IP, Radosavljevic GD, Milovanovic MZ, Nikolic IG, 
Zdravkovic NS, Djukic AL, Arsenijevic NN, Lukic ML. Galectin-3 Deficiency Accelerates High-Fat 
Diet–Induced Obesity and Amplifies Inflammation in Adipose Tissue and Pancreatic Islets. Diabetes 
2013; 62:1932-44. 
498. Cipolletta D, Feuerer M, Li A, Kamei N, Lee J, Shoelson SE, Benoist C, Mathis D. PPAR-
gamma is a major driver of the accumulation and phenotype of adipose tissue Treg cells. Nature 2012; 
486:549-53. 
499. Wagner NM, Brandhorst G, Czepluch F, Lankeit M, Eberle C, Herzberg S, Faustin V, Riggert 
J, Oellerich M, Hasenfuss G, et al. Circulating regulatory T cells are reduced in obesity and may 
identify subjects at increased metabolic and cardiovascular risk. Obesity (Silver Spring, Md) 2013; 
21:461-8. 
500. Ingram JR, Dougan M, Rashidian M, Knoll M, Keliher EJ, Garrett S, Garforth S, Blomberg 
OS, Espinosa C, Bhan A, et al. PD-L1 is an activation-independent marker of brown adipocytes. 
Nature communications 2017; 8:647. 
501. Rose S, Stansky E, Dagur PK, Samsel L, Weiner E, Jahanshad A, Doveikis J, Naik HB, 
Playford MP, McCoy JP, et al. Characterization of immune cells in psoriatic adipose tissue. Journal 
of translational medicine 2014; 12:258. 
329 
 
502. O'Rourke RW, Gaston GD, Meyer KA, White AE, Marks DL. Adipose tissue NK cells 
manifest an activated phenotype in human obesity. Metabolism: clinical and experimental 2013; 
62:1557-61. 
503. Jenkins RW, Barbie DA, Flaherty KT. Mechanisms of resistance to immune checkpoint 
inhibitors. British journal of cancer 2018; 118:9-16. 
504. Ribas A, Hamid O, Daud A, Hodi FS, Wolchok JD, Kefford R, Joshua AM, Patnaik A, Hwu 
WJ, Weber JS, et al. Association of Pembrolizumab With Tumor Response and Survival Among 
Patients With Advanced Melanoma. Jama 2016; 315:1600-9. 
505. Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W, Hu-Lieskovan S, Torrejon 
DY, Abril-Rodriguez G, Sandoval S, Barthly L, et al. Mutations Associated with Acquired Resistance 
to PD-1 Blockade in Melanoma. The New England journal of medicine 2016; 375:819-29. 
506. López-Soto A, Gonzalez S, Smyth MJ, Galluzzi L. Control of Metastasis by NK Cells. Cancer 
Cell; 32:135-54. 
507. Chevalier MF, Trabanelli S, Racle J, Salome B, Cesson V, Gharbi D, Bohner P, Domingos-
Pereira S, Dartiguenave F, Fritschi AS, et al. ILC2-modulated T cell-to-MDSC balance is associated 
with bladder cancer recurrence. The Journal of clinical investigation 2017; 127:2916-29. 
508. Liakou CI, Kamat A, Tang DN, Chen H, Sun J, Troncoso P, Logothetis C, Sharma P. CTLA-
4 blockade increases IFNgamma-producing CD4+ICOShi cells to shift the ratio of effector to 
regulatory T cells in cancer patients. Proceedings of the National Academy of Sciences of the United 
States of America 2008; 105:14987-92. 
509. Asano T, Meguri Y, Yoshioka T, Kishi Y, Iwamoto M, Nakamura M, Sando Y, Yagita H, 
Koreth J, Kim HT, et al. PD-1 modulates regulatory T-cell homeostasis during low-dose interleukin-
2 therapy. Blood 2017; 129:2186-97. 
510. Keats JJ, Chesi M, Egan JB, Garbitt VM, Palmer SE, Braggio E, Van Wier S, Blackburn PR, 
Baker AS, Dispenzieri A, et al. Clonal competition with alternating dominance in multiple myeloma. 
Blood 2012; 120:1067-76. 
511. van Baren N, Brasseur F, Godelaine D, Hames G, Ferrant A, Lehmann F, Andre M, Ravoet 
C, Doyen C, Spagnoli GC, et al. Genes encoding tumor-specific antigens are expressed in human 
myeloma cells. Blood 1999; 94:1156-64. 
512. Pellat-Deceunynck C, Mellerin MP, Labarriere N, Jego G, Moreau-Aubry A, Harousseau JL, 
Jotereau F, Bataille R. The cancer germ-line genes MAGE-1, MAGE-3 and PRAME are commonly 
expressed by human myeloma cells. European journal of immunology 2000; 30:803-9. 
513. Yi Q, Dabadghao S, Osterborg A, Bergenbrant S, Holm G. Myeloma bone marrow plasma 
cells: evidence for their capacity as antigen-presenting cells. Blood 1997; 90:1960-7. 
330 
 
514. Goodyear O, Piper K, Khan N, Starczynski J, Mahendra P, Pratt G, Moss P. CD8+ T cells 
specific for cancer germline gene antigens are found in many patients with multiple myeloma, and 
their frequency correlates with disease burden. Blood 2005; 106:4217-24. 
515. Kronke J, Fink EC, Hollenbach PW, MacBeth KJ, Hurst SN, Udeshi ND, Chamberlain PP, 
Mani DR, Man HW, Gandhi AK, et al. Lenalidomide induces ubiquitination and degradation of 
CK1alpha in del(5q) MDS. Nature 2015; 523:183-8. 
516. Li S, Fu J, Wang H, Ma H, Xu X, Yang YG, Deng S, Mapara MY, Lentzsch S. IMiD 
compounds affect CD34(+) cell fate and maturation via CRBN-induced IKZF1 degradation. Blood 
advances 2018; 2:492-504. 
517. Cella M, Presti R, Vermi W, Lavender K, Turnbull E, Ochsenbauer-Jambor C, Kappes JC, 
Ferrari G, Kessels L, Williams I, et al. Loss of DNAM-1 contributes to CD8+ T-cell exhaustion in 
chronic HIV-1 infection. European journal of immunology 2010; 40:949-54. 
518. Seth S, Qiu Q, Danisch S, Maier MK, Braun A, Ravens I, Czeloth N, Hyde R, Dittrich-
Breiholz O, Forster R, et al. Intranodal interaction with dendritic cells dynamically regulates surface 
expression of the co-stimulatory receptor CD226 protein on murine T cells. The Journal of biological 
chemistry 2011; 286:39153-63. 
519. da Silva RF, Petta CA, Derchain SF, Alici E, Guimaraes F. Up-regulation of DNAM-1 and 
NKp30, associated with improvement of NK cells activation after long-term culture of mononuclear 
cells from patients with ovarian neoplasia. Human immunology 2014; 75:777-84. 
520. San-Miguel J, Blade J, Shpilberg O, Grosicki S, Maloisel F, Min CK, Polo Zarzuela M, Robak 
T, Prasad SV, Tee Goh Y, et al. Phase 2 randomized study of bortezomib-melphalan-prednisone with 
or without siltuximab (anti-IL-6) in multiple myeloma. Blood 2014; 123:4136-42. 
521. Nakamura K, Kassem S, Cleynen A, Chretien ML, Guillerey C, Putz EM, Bald T, Forster I, 
Vuckovic S, Hill GR, et al. Dysregulated IL-18 Is a Key Driver of Immunosuppression and a Possible 
Therapeutic Target in the Multiple Myeloma Microenvironment. Cancer Cell 2018; 33:634-48.e5. 
522. Ahern E, Harjunpaa H, Barkauskas D, Allen S, Takeda K, Yagita H, Wyld D, Dougall WC, 
Teng MWL, Smyth MJ. Co-administration of RANKL and CTLA4 Antibodies Enhances 
Lymphocyte-Mediated Antitumor Immunity in Mice. Clinical cancer research : an official journal of 
the American Association for Cancer Research 2017; 23:5789-801. 
523. Ahern E, Harjunpää H, O'Donnell JS, Allen S, Dougall WC, Teng MWL, Smyth MJ. RANKL 
blockade improves efficacy of PD1-PD-L1 blockade or dual PD1-PD-L1 and CTLA4 blockade in 
mouse models of cancer. Oncoimmunology 2018; 7:e1431088. 
 
 
331 
 
Appendices 
 
 
 
 
 
 
 
 
 
332 
 
 
Suppl.Fig. 1 TIGIT expression on splenic T cells and NK cells in WT, Pdcd1-/- CD96-/- and the 
corresponding single gene-targeted mice. 
From the data in Fig. 3.11, representative FACS dot plots are depicted here showing TIGIT 
expression on splenic T cells and NK cells in WT, Pdcd1-/-, CD96-/- and Pdcd1-/- CD96-/- mice.     
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Suppl.Fig. 2 TIGIT expression on lung T cells and NK cells in WT, Pdcd1-/- CD96-/- and the 
corresponding single gene-targeted mice. 
From the data in Fig. 3.12, representative FACS dot plots are depicted here showing TIGIT 
expression on lung T cells and NK cells in WT, Pdcd1-/-, CD96-/- and Pdcd1-/- CD96-/- mice.     
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Suppl.Fig. 3 DNAM-1 expression on splenic T cells and NK cells in WT, Pdcd1-/- CD96-/- and the 
corresponding single gene-targeted mice. 
From the data in Fig. 3.11, representative FACS dot plots are depicted here showing DNAM-1 
expression on splenic T cells and NK cells in WT, Pdcd1-/-, CD96-/- and Pdcd1-/- CD96-/- mice.     
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Suppl.Fig. 4 DNAM-1 expression on lung T cells and NK cells in WT, Pdcd1-/-, CD96-/- and the 
corresponding single gene-targeted mice. 
From the data in Fig. 3.12, representative FACS dot plots are depicted here showing DNAM-1 
expression on lung T cells and NK cells in WT, Pdcd1-/-, CD96-/- and Pdcd1-/- CD96-/- mice.     
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Suppl.Fig. 5 Ki67 expression in tumor-infiltrating or splenic CD8+ and CD4+ T cells in 
SM1WT1 tumor-bearing WT, Pdcd1-/- CD96-/- and the corresponding single gene-targeted mice.  
From the data in Fig. 4.20, representative FACS dot plots are depicted here showing Ki67 expression 
in SM1WT1 tumor-infiltrating or splenic T cells in WT, Pdcd1-/-, CD96-/- and Pdcd1-/- CD96-/- mice.     
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Suppl.Fig. 6 TIGIT, PD-1, CD96 or DNAM-1 expression on splenic CD8+ T cells in MM-bearing 
WT mice treated with cIg or anti-TIGIT mAbs.  
From the data in Figures 5.17 and 5.19, representative FACS dot plots from Expt 1 are depicted here 
showing proportions of splenic CD8+ T cells expressing TIGIT, PD-1, CD96 or DNAM-1 following 
anti-TIGIT mAb or cIg treatment of MM-bearing WT mice.  
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Suppl.Fig. 7 IFNγ, TNFα, GrzB and IL-2 production in splenic CD8+ T cells in MM-bearing 
WT mice treated with cIg or anti-TIGIT mAbs.  
From the data in Fig. 5.23, representative FACS dot plots from Expt 1 are depicted here showing 
proportions of splenic CD8+ T cells expressing IFNγ, TNFα, GrzB or IL-2 following anti-TIGIT mAb 
or cIg treatment of MM-bearing WT mice.  
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Abstract 
Multiple non-redundant immunosuppressive pathways co-exist in the tumor 
microenvironment and their co-targeting can increase clinical responses. Indeed, concurrent 25 
blockade of CTLA-4 and PD-1 in patients with advanced melanoma increased clinical 
responses over monotherapy alone although the frequency and severity of immune related 
adverse events (irAEs) also increased. Nevertheless, a substantial number of patients still 
display an innate resistance phenotype and are unresponsive to current approved 
immunotherapies even when utilized in combination. In this study, we generated Pdcd1
-/-
30 
CD96
-/-
 and Tigit
-/-
CD96
-/- 
mice to investigate how loss of CD96 in combination with PD-1 or 
TIGIT impacts on immune homeostasis and hence the potential of inducing immune related 
toxicities following co-targeting of these pairs of receptors. The ability of Pdcd1
-/-
CD96
-/-
 and 
Tigit
-/-
CD96
-/- 
mice to suppress primary tumor growth was also assessed using the MC38 
colon carcinoma and SM1WT1 BRAF-mutated melanoma tumor models. Both Pdcd1
-/-
35 
CD96
-/-
 or Tigit
-/-
CD96
-/- 
mice displayed no overt perturbations in immune homeostasis over 
what was previously reported with Pdcd1
-/-
 or Tigit
-/-
 mice even when aged for 22 months. 
Interestingly, increased suppression of subcutaneous tumor growth and complete responses 
was seen in Pdcd1
-/-
CD96
-/-
 mice compared to Pdcd1
-/-
 or CD96
-/-
 mice depending upon the 
tumor model. In contrast, in these models, growth suppression in Tigit
-/-
CD96
-/-
 were similar 40 
to Tigit
-/-
 or CD96
-/-
. This enhanced anti-tumor efficacy of Pdcd1
-/-
CD96
-/-
 appeared to be due 
to favorable changes in the ratio of CD8
+ 
T cells to T regulatory cells or CD11b
+
GR-1
hi
 
myeloid cells in the tumor microenvironment. Co-targeting CD96 and PD-1 may increase 
anti-tumor immunity over targeting PD-1 alone and potentially not induce serious immune-
related toxicities and thus appears a promising strategy for clinical development. 45 
  
  
3 
Introduction 
Antibodies targeting cytotoxic T lymphocyte associated antigen 4 (CTLA-4), programmed 
cell death protein 1 (PD-1) or its ligand PD-L1 have demonstrated clinical activity in more 
than 15 cancer types, including melanoma and non-small-cell lung carcinoma (NSCLC)
1
. 50 
More recently, concurrent blockade of CTLA-4 and PD-1 in patients with advanced 
melanoma further increased clinical response over monotherapy alone
2
. Overall, these data 
suggest that multiple non-redundant immunosuppressive pathways co-exist in the tumor 
microenvironment and that their co-targeting can increase clinical responses. However, a 
substantial number of patients display an innate resistance phenotype and are unresponsive to 55 
current approved immunotherapies. Furthermore, a considerable number of patients treated 
with anti-CTLA-4 or PD-1/PD-L1, particularly in combination can develop a unique 
spectrum of toxicities termed immune related adverse events (irAEs), which can result in 
serious morbidities and can sometimes lead to fatalities
3
.  Therefore, there is strong interest in 
identifying new combination therapies that have better therapeutic indices (increased anti-60 
tumor efficacy and reduced irAEs).    
 
The development of irAEs in patients given immunotherapy is not unexpected given immune 
checkpoint receptors are key in maintaining self-tolerance to minimize tissue damage
4
. Gene-
targeted mice have been useful to assess how lack of specific immune checkpoint receptors or 65 
ligands impact on immune homeostasis and autoimmunity.  CTLA-4
-/- 
mice display severe 
lymphoproliferative disease with lymphocytic infiltration in several tissues including the 
heart, spleen and lungs causing the mice to become moribund at three to four weeks of age
5, 6
. 
Pdcd1
-/- 
mice display strain specific autoimmune phenotypes which are generally quite mild. 
Loss of PD-1 in C57BL/6 mice was reported to cause late-onset lupus-like 70 
glomerulonephritis and arthritis
7
. In contrast, loss of PD-1 in BALB/c mice results in their 
  
4 
development of dilated cardiomyopathy which leads to their premature death
8
. In contrast, 
C57BL/6 mice lacking other immune checkpoint receptors/ligands such as PD-L1
9, 10
, LAG-3 
(Lymphocyte-activation gene 3)
11
 or B7-H4
12
 display minimal or subtle immunopathology.  
However, C57BL/6 Lag3
-/-
Pdcd1
-/-
 mice develop lethal systemic autoimmunity with most 75 
mice becoming moribund by 10 weeks of age
11
. Similarly, when bred onto the 2D2 T-cell 
receptor (TCR) transgenic mice, which were predisposed to developing spontaneous 
experimental autoimmune encephalomyelitis (EAE), double deficiency in PD-1 and VISTA 
(V-domain immunoglobulin suppressor of T-cell activation) significantly accelerated the 
level of disease penetrance compared to similar 2D2-TCR transgenic mice lacking only 80 
VISTA or PD-1
13
.  
 
CD96 (TACTILE) and TIGIT (T-cell immunoglobulin and ITIM domain) belong to an 
emerging family of cell surface receptors that bind to ligands of the nectin and nectin-like 
family
14
.  The expression patterns of CD96 and TIGIT are broadly similar between mouse 85 
and humans, where they are mainly found on peripheral T cells including regulatory T cells 
(Tregs) and NK cells, particularly following activation
15-19
.  CD155 (necl-5; PVR) is the main 
ligand that binds CD96 and TIGIT in both humans and mice
17, 18, 20
. CD155 also binds the 
activating receptor DNAM-1 (CD226), which like CD96 and TIGIT, is expressed on T and 
NK cells
15, 21, 22
. In mice, CD96 also binds CD111 (nectin-1), which has been demonstrated to 90 
enhance T cell and NK cell adhesion
17, 20
 while TIGIT binds CD112 (PVRL2, nectin-2) and 
CD113 (PVRL3, nectin-3)
18, 19
. Recently it was reported that CD112R, a novel co-inhibitory 
receptor which is preferentially expressed on human T cells binds CD112 with high affinity 
and competes with CD226 to bind CD112
23
.   
 95 
  
5 
The function of CD96 on T cells is still largely unknown but its role as an inhibitory receptor 
was recently demonstrated in mice lacking CD96. NK cells from CD96
-/-
 mice produced 
greater IFN in response to LPS and they also displayed enhanced resistance to 3´-
methylcholanthrene (MCA)-induced fibrosarcoma and experimental lung metastases
24
.  
Subsequently, in mouse models of experimental and spontaneous lung metastases, blocking 100 
antibodies against CD96 (anti-CD96) increased NK cell effector function, resulting in 
suppression of metastases and this anti-tumor activity was dependent on NK cells, IFN, and 
DNAM-1
25
. This study also demonstrated that anti-CD96 in combination with anti-CTLA-4 
or anti-PD-1 further suppressed experimental lung metastases compared to monotherapy 
alone. In contrast, the inhibitory function of TIGIT on T cells is well described. Increased 105 
effector T cell function was reported in Tigit
-/-
 mice or anti-TIGIT treated mice
19, 26-28
 while 
Tregs lacking TIGIT reportedly displayed reduced suppressive function
29, 30
. Similar to 
CD96, dual blockade of TIGIT with either PD-1 or PD-L1 significantly increased anti-tumor 
immunity against mouse tumors
27
. Although Tigit
-/-
 mice displayed no increased protection 
against experimental or spontaneous lung metastases, anti-CD96 treated Tigit
-/-
 mice 110 
displayed further reduction in tumor metastases compared to anti-CD96 treated WT mice 
suggesting that there could be merit in co-targeting CD96 and TIGIT
25
.   
 
Here, we have generated two novel strains of double deficient Pdcd1
-/-
CD96
-/-
 and Tigit
-/-
CD96
-/- 
mice to investigate whether loss of CD96 in combination with PD-1 or TIGIT 115 
impacts immune homeostasis and reveals anything about the potential safety of co-targeting 
these receptors. The ability of Pdcd1
-/-
CD96
-/-
 and Tigit
-/-
CD96
-/- 
mice to suppress primary 
tumor growth was also assessed using the MC38 colon carcinoma and SM1WT1 BRAF-
mutated melanoma tumor models. Both Pdcd1
-/-
CD96
-/-
 or Tigit
-/-
CD96
-/- 
mice displayed no 
overt perturbations in immune homeostasis beyond that previously reported for Pdcd1
-/-
 or 120 
  
6 
Tigit
-/-
 mice, even when aged for 22 months. Interestingly, increased tumor suppression was 
observed in Pdcd1
-/-
CD96
-/-
 mice compared to Pdcd1
-/-
 or CD96
-/-
 mice bearing SM1WT1 but 
not MC38 tumor. The enhanced tumor growth suppression of SM1WT1 in Pdcd1
-/-
CD96
-/-
 
mice appeared to be due to favorable changes in CD8
+ 
T cells to Treg or CD11b
+
GR-1
hi
 
myeloid cell ratios in the tumor microenvironment. The lack of serious immune-related 125 
toxicities developing in aged Pdcd1
-/-
CD96
-/-
 mice study supports the potential safety in co-
blockade of CD96 and PD-1 clinically. 
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Results  165 
Pdcd1
-/-
CD96
-/- 
and Tigit
-/-
CD96
-/- 
mice do not display increased autoimmune phenotype 
Both Pdcd1
-/-
CD96
-/- 
and Tigit
-/-
CD96
-/- 
strains of mice were born fertile and produced normal 
litter sizes. As C57BL/6 Pdcd1
-/- 
mice were previously reported to develop late-onset 
autoimmunity
7
, we aged a cohort of wildtype (WT), single or double-deficient PD-1, CD96, 
or TIGIT mice for 22 months (Fig. 1). At 12 months of age, no overt changes were observed 170 
in survival between WT mice compared to mice that lacked PD-1 or CD96 alone or in 
combination and these mice displayed no overt signs of autoimmunity (Fig. 1A). However, as 
these mice were further aged for another 10 months, both Pdcd1
-/- 
and Pdcd1
-/-
CD96
-/- 
mice 
displayed significantly decreased survival compared to WT mice (Fig. 1A). However, there 
were no significant differences in survival between Pdcd1
-/-
CD96
-/- 
mice and Pdcd1
-/- 
mice 175 
suggesting the reduced survival effect is most likely due to host PD-1 loss (Fig. 1A). By 
contrast, long-term survival of Tigit
-/-
CD96
-/-
, Tigit
-/-
, and CD96
-/-
 mice was similar to WT 
mice and no overt signs of autoimmunity were detected (Fig. 1B).  
 
The initial characterization of C57BL/6 Pdcd1
-/- 
mice reported that these mice developed 180 
arthritis and some features of late onset lupus-like disease characterized by the presence of 
autoantibodies and mild glomerulonephritis
7
. In contrast, a recent study by Woo et al., 
reported no significant increase in the level of autoantibodies in C57BL/6 Pdcd1
-/- 
mice
11
. 
When we measured the level of anti-dsDNA antibodies in the sera of 12-month old WT and 
gene-targeted mice lacking PD-1, CD96, or TIGIT alone or PD-1/CD96 or TIGIT/CD96 in 185 
combination (Fig. 1C, D), we did not observe any increase in the level of anti-dsDNA 
antibodies from Pdcd1
-/- 
compared to WT mice similar to the study from Woo et al
11
.  
  
8 
Furthermore, the levels of anti-dsDNA, total serum IgG and anti-nuclear antibodies in single 
or double deficient mice were similar to WT mice (Fig. 1C, D)(data not shown). 
 190 
From the aging cohort in Fig. 1A, a group of WT or gene-targeted mice were euthanized after 
22 months and various organs (liver, colon, lung, and kidney) assessed for histological 
evidence of immune changes. Similar to a previous study
13
, an increase in immune cell 
infiltration was observed in Pdcd1
-/- 
mice as reflected by an increased histological score in 
livers (Fig. 1E). However, there was no significant difference in the histological liver scores 195 
between Pdcd1
-/-
CD96
-/- 
and Pdcd1
-/- 
mice (Fig. 1E). By contrast, we did not see an increase 
in immune cell infiltrates in other organs assessed (data not shown). We also observed no 
difference in immune cell infiltration in the livers, colons and lungs of Tigit
-/-
CD96
-/-
 and 
Tigit
-/-
 mice when compared to WT mice (data not shown). Loss of immune checkpoint 
receptors can result in lymphoproliferation and inflammation, which may manifest as weight 200 
loss.  A cohort of 25-28 week old WT mice was compared to those same aged mice lacking 
PD-1 or CD96 alone or both receptors. Surprisingly, Pdcd1
-/-
CD96
-/- 
and Pdcd1
-/- 
mice both 
displayed increased weight compared to WT mice at this age (Fig. 1F), and this difference 
was also observed in 7-9 week old mice (data not shown).  Similarly, 24 week old Tigit
-/-
CD96
-/-
 and Tigit
-/-
 mice also displayed increased weight compared to age-matched WT mice 205 
(data not shown). This suggests that some immune checkpoint receptors may also regulate 
metabolic pathways. 
 
Minor changes in Treg homeostasis in Pdcd1
-/-
CD96
-/-
 and Tigit
-/-
CD96
-/- 
mice 
We next examined younger Pdcd1
-/-
CD96
-/-
 (13-15 weeks old) and Tigit
-/-
CD96
-/- 
mice (8-10 210 
weeks old) for any changes in major immune cell populations in the spleen and lung (Fig. 2). 
There were no significant changes in the numbers and proportions of CD45.2
+
 hematopoietic 
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cells (data not shown). Similarly, no gross changes were seen in the proportion and numbers 
of CD8
+
 T cells (Fig. 2A-D) or other major immune cell populations such as effector CD4
+
 T 
cells, NK cells, B cells and myeloid cells (data not shown) between Pdcd1
-/-
CD96
-/- 
or Tigit
-/-
215 
CD96
-/- 
mice compared to age-matched WT mice or age matched mice that were deficient for 
PD-1, CD96 or TIGIT. In concordance with previous reports
31,
 
32
, we observed a significant 
increase in CD4
+
Foxp3
+
 T regulatory cells (Treg) proportion and number in the spleen and 
lung of Pdcd1
-/-
 compared to WT mice (Fig. 2E and F). Interestingly, Pdcd1
-/-
CD96
-/- 
mice 
also displayed an increase in Tregs compared to WT mice, but this increase in Treg 220 
proportion and number was similar to that observed in Pdcd1
-/-
 mice (Fig. 2E and F). In 
contrast, WT and Tigit
-/-
CD96
-/- 
mice had similar levels of Tregs (Fig. 2G, H). We next, 
assessed the activation status of T cells (CD8
+
, CD4
+ 
Teff, Tregs) in the spleen and lungs of 
Pdcd1
-/-
CD96
-/- 
or Tigit
-/-
CD96
-/-
 mice using the markers CD44 and CD62L (Supp. Fig. 1, 2). 
Similar to previous reports, Pdcd1
-/- 
mice displayed an increased proportion of T cells with an 225 
effector memory (TEM) phenotype in their spleen and lung compared to WT mice and this 
was also observed for Pdcd1
-/-
CD96
-/- 
mice (Supp. Fig. 1). The activation status of T cells 
was generally similar between Tigit
-/-
CD96
-/- 
mice and WT mice (Supp. Fig. 2). In 12-13 
month old mice, we still observed this increase in proportions of TEM phenotype in Pdcd1
-/-
CD96
-/-
 or Pdcd1
-/- 
mice compared to WT mice in the CD8
+
 T cell population (Supp. Fig. 3) 230 
although this phenotype was not observed in 24 month old mice (data not shown).   
 
Enhanced tumor resistance of Pdcd1
-/-
CD96
-/- 
mice is tumor model dependent and 
requires CD8
+
 T cells, NK cells and IFN.  
We have previously demonstrated that the anti-metastatic efficacy of anti-CD96 mAbs was 235 
enhanced when combined with anti-PD-1 in WT mice or when administered in Tigit
-/-
 mice
25
. 
However, the effects of combined loss of host PD-1 and CD96 or TIGIT and CD96 on 
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subcutaneous tumor growth has not been examined. We used two models, the MC38 colon 
adenocarcinoma that is responsive to anti-PD-1
33
 and the SM1WT1 Braf-mutated melanoma 
that is non-responsive to anti-PD-1
34
 (Fig. 3, Supp. Fig. 4, 5). Growth of SM1WT1 in Pdcd1
-
240 
/-
CD96
-/- 
mice was significantly suppressed compared to WT, Pdcd1
-/- 
or CD96
-/- 
mice (Fig. 
3A and Supp. Fig. 4A, B). Additionally, a small but significant proportion of Pdcd1
-/-
CD96
-/-
 
mice completely rejected their tumors compared to Pdcd1
-/- 
mice (Fig. 3B). Although MC38 
tumor growth was strongly suppressed, no additional resistance was observed in Pdcd1
-/-
CD96
-/-
 compared with Pdcd1
-/- 
mice (Fig. 3C, Supp. Fig. 4C) and similar complete rejection 245 
rates were observed between these strains (Fig. 3D). Interestingly, in the SM1WT1 and 
MC38 tumor models, modest growth suppression was seen in Tigit
-/- 
or CD96
-/-
 mice 
compared to WT mice, but no further tumor resistance was observed in Tigit
-/-
CD96
-/-
 mice 
(Supp. Fig. 5). Nevertheless, a greater suppression of B16F10 tumor growth was observed in 
Tigit
-/-
CD96
-/-
 mice compared with Tigit
-/- 
or CD96
-/-
 mice (Supp. Fig. 6), and the co-250 
blockade of TIGIT and CD96 using monoclonal antibodies is now being assessed in this and 
other tumor models (Mittal et al. manuscript in preparation). We next determined the cell 
type and mechanism that was suppressing SM1WT1 tumor growth in Pdcd1
-/-
CD96
-/- 
mice 
(Fig. 4).  Depletion of CD8
+ 
T cells entirely abolished the ability of Pdcd1
-/-
CD96
-/- 
mice to 
suppress tumor growth (Fig. 4A). While NK cells generally do not play a role in control of 255 
subcutaneous tumor growth such as MC38
35
, we have previously shown that NK cells were 
involved in suppressing SM1WT1 subcutaneous tumor growth
36, 37
. We therefore set up a 
similar experiment as Fig. 4A and depleted NK cells and we observed a partial loss of tumor 
suppression (Fig 4B). Neutralization of IFNγ also abrogated tumor suppression in this strain 
of mice (Fig. 4C). Overall, these results demonstrate that CD8
+
 T cells, NK cells and IFN-γ 260 
were critical mediators of anti-tumor efficacy in SM1WT1 tumor-bearing Pdcd1
-/-
CD96
-/- 
mice.  
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Enhanced suppression of SM1WT1 in Pdcd1
-/-
CD96
-/- 
mice correlates with increased 265 
CD8
+
T cell:Treg and CD8
+
T cell:CD11b
+
GR-1
hi
 ratios.  
To understand why SM1WT1 tumors, and not MC38 tumors, were better controlled in 
Pdcd1
-/-
CD96
-/- 
compared to Pdcd1
-/- 
or CD96
-/-
 mice, we next used flow cytometry to 
investigate the tumor infiltrating leukocytes (TILs) in these tumor-bearing mice at an early 
time point (day 8) (Fig. 5) (Supp. Fig. 7, 8). This time point was chosen since all the tumors 270 
were equal in size, thus eliminating any confounding effects of tumor size on the analysis. 
We observed a significant increase in the number and proportion of CD45.2
+
 hematopoietic 
cells (Fig. 5A, Supp. Fig. 7A) and CD8
+
 T cells (Fig. 5B, Supp. Fig. 7B) in SM1WT1 
tumor-bearing Pdcd1
-/- 
CD96
-/- 
mice compared to WT mice, whereas such an increase was not 
as obvious in tumor-bearing Pdcd1
-/- 
or CD96
-/- 
mice. Compared to WT mice, both SM1WT1 275 
tumor-bearing Pdcd1
-/-
CD96
-/- 
and Pdcd1
-/- 
mice displayed an increase in the number of CD4
+
 
T effector cells and Tregs, while NK cells and myeloid CD11b
+
GR-1
hi
 cell numbers were 
generally not changed (Supp. Fig. 8A-D). Despite the increase in Tregs, we still observed a 
significant increase in the CD8
+ 
T cell:Treg ratio and CD8
+
 T cell:CD11b
+
Gr-1
hi
 ratio 
between  Pdcd1
-/-
CD96
-/-
 mice and other control strains of mice (Fig. 5C, D, Supp. Fig. 7C, 280 
D). In contrast to SM1WT1, we did not observed differences in the number of CD45.2
+
 cells 
in MC38 tumor-bearing WT Pdcd1
-/-
CD96
-/-
, Pdcd1
-/-
 or CD96
-/- 
mice (Fig. 5E, Supp. Fig. 
7E). Compared to WT mice, the number and proportion of CD8
+
 T cells generally increased 
similarly for Pdcd1
-/-
CD96
-/-
, Pdcd1
-/-
 or CD96
-/-
 mice but there were no major differences 
between these gene-targeted strains (Fig. 5F, Supp. 7F). Similarly, we observed no major 285 
changes in CD4
+
 effector T cells, Tregs, NK cells and myeloid CD11b
+
Gr-1
hi
 cells (Supp. 
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Fig. 8E-H) or CD8
+
T cell:Treg ratio and CD8
+
 T cell:CD11b
+
Gr-1
hi
 ratio (Fig. 5G, H, Supp. 
Fig. 7G, H) between these 4 genotypes.  
 
In addition to these changes, we also investigated whether the expression of PD-290 
1/CD96/TIGIT on tumor-infiltrating lymphocytes or its ligand CD155 and PD-L1 differed 
between SM1WT1 and MC38 as an explanation for the differences in anti-tumor responses 
(Supp. Fig. 9, 10). Using FACS analysis, we profiled CD155 and PD-L1 expression on both 
SM1WT1 and MC38 tumors that were grown in culture or ex vivo derived (Supp. Fig. 9). In 
vitro, both cell lines expressed CD155 at similar levels (Supp. Fig. 9A, B), while PD-L1 295 
expression was lower in SM1WT1 (Supp. Fig. 9C) compared to MC38 tumors (Supp. Fig. 
9D). For the ex vivo analysis, single cell suspension were generated from early-stage (day 8) 
SM1WT1 or MC38 tumors. We next assessed PD-L1 and CD155 expression on CD45 
negative cells as a surrogate definition of tumors. Similar to the in vitro cultured parental 
cells, CD155 expression was similar between ex vivo derived SM1WT1 and MC38 tumor 300 
cells while PD-L1 expression was again much higher on MC38 compared to SM1WT1 tumor 
cells (Supp. Fig. 9E, F). Next, we evaluated the expression of PD-1, TIGIT, CD96 and 
DNAM-1 on CD8
+
 T cells and NK cells from end-stage MC38 and SM1WT1 tumors (Supp. 
Fig. 10). Again we observed no major differences as generally the expression of DNAM-1, 
CD96 and TIGIT on NK cells and CD8
+
 T cells from SM1WT1 (Supp. Fig. 10A) and MC38 305 
(Supp. Fig. 10B) tumors were similar. The most noticeable difference was the level of PD-1 
expression on CD8
+
 T cells obtained from MC38 compared to SM1WT1 tumors (80% vs 
50%). This most likely reflects the more immunogenic nature of MC38 tumors compared to 
SM1WT1 tumors to elicit a CD8
+
 T cell response. 
 310 
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 315 
Discussion  
Given that multiple non-redundant immunosuppressive pathways co-exist in the tumor 
microenvironment, immunotherapies targeting novel checkpoint receptors will most likely be 
tested in combination with the aim to further increase clinical efficacy. However, this may 
potentially increase the frequency and severity of irAEs. The generation of gene-targeted 320 
mice deficient for single or double immune checkpoint receptors is a useful first step to 
assess how their loss impacts on peripheral tolerance and immune homeostasis and whether 
compound gene loss is synergistic. In this study, we generated gene-targeted mice that were 
double deficient for either PD-1 and CD96 or TIGIT and CD96. Long-term aging of Pdcd1
-/-
CD96
-/-
 and Tigit
-/-
CD96
-/- 
mice demonstrated the potential of co-targeting these pathways 325 
without inducing serious immune-related toxicities, since these mice did not display 
increased disease or pathology beyond that observed in Pdcd1
-/-
, Tigit
-/- 
or CD96
-/- 
mice. 
Interestingly, increased anti-tumor immunity and tumor resistance was observed in Pdcd1
-/-
CD96
-/-
 mice and this enhanced resistance to primary tumor implantation was prominent in 
the anti-PD-1-insensitive SM1WT1 melanoma. 330 
 
It was encouraging that even at 22 months of age, Pdcd1
-/-
CD96
-/-
 mice did not display 
dysregulated immune homeostasis or enhanced immune-based disease compared to Pdcd1
-/-
 
mice. To our knowledge, this represents the longest period where Pdcd1
-/-
 mice have been 
aged, suggesting that chronic mAb co-targeting these two checkpoint receptors may be safe 335 
and not exacerbate the development of irAEs caused by anti-PD-1. Nevertheless, Pdcd1
-/-
  
14 
CD96
-/-
 mice should be generated on a permissive genetic background that predisposes them 
to development of autoimmunity to exclude the potential exacerbation of disease caused by 
CD96 loss. For example while C57BL/6 mice deficient for LAG-3 did not display any 
autoimmune toxicities
11
, LAG-3 deficiency on the NOD background accelerated their 340 
development of type 1 diabetes compared to age-matched wild type controls
38, 39
. Given that 
loss of PD-1 on a NOD background can accelerate the development of type I diabetes
40
 and 
the recent studies linking new-onset insulin-dependent diabetes in anti-PD-1-treated 
patients
41, 42
, it may be of utility to breed Pdcd1
-/-
CD96
-/-
 on to a NOD background and 
compare disease development with Pdcd1
-/-
 NOD mice. Alternatively, the development of 345 
specific autoimmune diseases such as Experimental Autoimmune Encephalomyelitis (EAE) 
could be assessed in our C57BL/6 Pdcd1
-/-
CD96
-/-
 mice given the susceptibility of this 
genetic background to disease induction. 
 
The immune compartments in Tigit
-/-
CD96
-/-
 mice appeared normal, similar to WT mice, with 350 
no overt changes in their major immune cell populations, suggesting the importance of these 
two immune checkpoint receptors is lower than PD-1, in terms of maintaining peripheral 
tolerance. Similarly, 22 month old Tigit
-/-
CD96
-/-
 mice did not display dysregulated immune 
homeostasis or enhanced immune-based disease suggesting co-targeting of these receptors 
clinically may not induce serious immune-related toxicities. In contrast to co-loss of PD-1 355 
and CD96, loss of PD-1 in combination with LAG-3 strongly affected immune homeostasis 
as T cells in PD-1/LAG-3 double deficient mice were highly activated with enhanced 
production of pro-inflammatory cytokines such as an IFNwhich ultimately resulted in most 
mice becoming moribund by 10 weeks of age
11
. Similarly, mice that lacked PD-1 and VISTA 
displayed an increased frequency of activated T cells although this did not impact on their 360 
survival
13
. While the expression pattern of co-inhibitory receptors on activated T cells can 
  
15 
overlap, the use of gene-targeted mice to delete one or more of these receptors in combination 
allows their hierarchy of dominance and their redundancy in regulating T cell activation to be 
examined. 
 365 
Mice that lacked PD-1 and CD96 displayed better growth suppression of SM1WT1 
subcutaneous melanomas compared to mice that lacked PD-1 alone.  This was also supported 
by a higher complete rejection response rate observed in Pdcd1
-/-
CD96
-/-
 compared with 
Pdcd1
-/-
 mice. In TILs generated from SM1WT1-bearing Pdcd1
-/-
CD96
-/-
mice, we observed a 
significant increase in CD8
+
 T cells compared to TILs generated from WT, Pdcd1
-/- 
or CD96
-
370 
/-
 mice. This resulted in an increased ratio of CD8
+
 T cells to Treg or CD11b
+
GR-1
hi
 myeloid 
cells, and potentially contributed to their enhanced tumor resistance in Pdcd1
-/-
CD96
-/- 
mice. 
In addition, in the TILs of SM1WT1 tumor-bearing Pdcd1
-/-
CD96
-/-
 or Pdcd1
-/- 
mice, CD4
+
 
effector T cells significantly increased compared to tumors from WT mice. Similarly, a trend 
for an increase in NK cell numbers was also observed in both SM1WT1 tumor-bearing 375 
Pdcd1
-/-
CD96
-/-
 and CD96
-/- 
mice. However, this same loss of host PD-1 and CD96 did not 
further improve growth suppression of MC38 primary tumors compared to mice that lacked 
PD-1 alone. One explanation may be the effector cell type(s) that are present in each of the 
TME that is critical to control tumor growth and the hierarchy of dominance and redundancy 
mediated by various immune checkpoint receptors and their ligands. In MC38 tumors, CD8
+ 
380 
T cells were the main effector cell type controlling subcutaneous tumor growth
35
 and the PD-
1/PD-L1 axis has been shown to be the dominant pathway suppressing CD8
+
 T cells
43
. 
Maximal tumor suppression may already be occurring in the MC38 tumor model with no 
further efficacy seen with loss of CD96 as NK cells generally did not express PD-1 and were 
not involved in control of this tumor. In contrast, both CD8
+
 T cells and NK cells play a role 385 
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in the control of SM1WT1
36, 37
 and their effector function can be suppressed by PD-L1 and 
CD155.  
 
Similarly, an explanation for why loss of TIGIT and CD96 did not seem to impact greatly on 
either SM1WT1 or MC38 tumor growth is likely due to the dominance of the PD-1/PD-L1 390 
axis in the suppression of effector functions on T cells in these tumors. Nevertheless, in other 
subcutaneous tumor models such as B16F10, loss of TIGIT and CD96 was able to 
synergistically impact on its growth (Supp. Fig. 6). Previous studies have also demonstrated 
that antibody co-targeting of TIGIT and PD-1/PD-L1 can synergistically suppress 
subcutaneous tumor growth
26,
 
27
 and future experiments could be set up to treat tumor-395 
bearing Tigit
-/-
CD96
-/-
 mice with anti-PD-1 to determine if any inhibitory effect of CD96 on T 
cells can be unmasked. Finally, given our previous study demonstrating that anti-CD96 
treated Tigit
-/-
 mice displayed further reduction in lung metastases compared to anti-CD96 
treated WT mice
25
 co-targeting of CD96 and TIGIT as a combination may be more useful in 
the treatment of metastases or haematological malignancies where NK cells are critical for 400 
control. Overall, our studies suggest the potential safety of co-targeting PD-1 and CD96 or 
TIGIT and CD96 and future experiments will aim to determine in which tumor 
microenvironment these respective combination therapies will be most effective. 
 
  405 
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Material and Methods 
Mice 
C57BL/6 wild-type (WT) mice were purchased from the Walter and Eliza Hall Institute for 
Medical Research or bred in house at QIMR Berghofer Medical Research Institute. Pdcd1
-/-
CD96
-/- 
and Tigit
-/-
CD96
-/- 
mice were generated by intercrossing C57BL/6 Pdcd1
-/- 
and 410 
C57BL/6 CD96
-/- 
or C57BL/6 Tigit
-/-
 and C57BL/6 CD96
-/-
 mice. CD96
-/-
 mice have been 
described
24
. Pdcd1
-/-
 mice
44
 were kindly provided by M. Wykes (QIMR Berghofer). Tigit
-/-
 
mice were kindly provided by Bristol Myers Squibb. In experiments assessing the immune 
homeostasis and anti-tumor responses in mice lacking PD-1, CD96 or both, the C57BL/6 WT 
mice used were either bred in house or derived from the intercrossing of C57BL/6 Pdcd1
-/- 
415 
and C57BL/6 CD96
-/-
 mice. All mice were bred and maintained at QIMR Berghofer Medical 
Research Institute. Eight- to sixteen-week old mice were used for immune phenotyping and 
tumor challenge experiments. The investigators were not blinded to group allocation during 
the experiments and/or when assessing the outcomes. All experiments were approved by the 
QIMR Berghofer Medical Research Institute Animal Ethics Committee. 420 
 
Tumor Models 
MC38 colon adenocarcinoma and SM1WT1, a BRAF-mutated melanoma, were maintained, 
injected and monitored as described previously
45,46
. SM1WT1 or MC38 (both 1 x 10
6
) tumor 
cells were injected subcutaneously (s.c) into WT or gene-targeted mice. All cell lines were 425 
routinely tested as negative for mycoplasma, but cell line authentication was not routinely 
performed. Male mice were always used for the SM1WT1 tumor model, while both female 
and male mice were used for the MC38 tumor model. Tumor sizes were determined by 
caliper square measurements of two perpendicular diameters with data represented as mean ± 
SEM (mm
2
) for each group. In some experiments, mice were treated with either anti-CD8β 430 
  
18 
(53.5.8, BioXCell), anti-asialoGM-1 (anti-asGM-1) (Wako Chemicals) or anti-IFNγ (H22, 
Leinco) or control IgG (cIgG)(1-1, BioXcell) as indicated. 
 
Anti-dsDNA antibody detection 
Anti-dsDNA antibody levels in sera of mice were determined as previously described
47
.  435 
Briefly sera were incubated on ELISA plates (Nunc) coated with methylated BSA and 
sonicated calf thymus DNA (Sigma-Aldrich). Plates were then washed and incubated with 
AP conjugated goat anti mouse IgG (H+L)(Life Technologies) before substrate pNPP was 
added (Sigma-Aldrich) and absorbance determined. Data is presented as Absorbance (405-
620 nm) at a 1:100 serum dilution. Sera pooled from aged gld
-/-
 mice were used as a positive 440 
control.  
 
Histology 
Livers of WT, Pdcd1
-/-
, CD96
-/-
 and Pdcd1
-/-
CD96
-/-
 mice were fixed in 10% neutral buffered 
formalin, processed routinely, and embedded in paraffin. Four micrometer tissue sections 445 
were cut and stained with H&E and imaged with an Aperio Scanscope AT (Leica) and 
analysed with an Aperio ImageScope (Leica). Mouse liver pathology was scored by referring 
to Sparwasser's standards
48
. The liver score is the sum of individual scores for inflammatory 
cell infiltration in portal tracts and the parenchyma, and the amount of necrosis. 
 450 
Flow cytometry 
Single cell suspensions were generated from spleen, tumors and PBS-perfused lungs as 
previously described
25, 49
. All samples were resuspended in FACS buffer containing 2.4G2 
(anti-CD16/32) to block Fc receptors. Cell surface staining was performed using the 
following antibodies: anti-CD45.2 (104), anti-TCRβ (H57-597), anti-CD4 (RM4-5), anti-455 
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CD8α (53-6.7), anti-NK1.1 (PK136), anti-CD11b (M1/70), anti-GR-1 (RB6-8C5) anti-CD44 
(IM7), anti-CD62L (MEL-14) anti-PD-1 (J43), anti-TIGIT (9D9), anti-CD96 (3.3), anti-
DNAM-1 (480.1), anti-CD155 (4.24.1), anti-PD-L1 (10F.9G2) and live/dead dye Zombie 
Aqua (all from BioLegend or eBioscience). BD Liquid Counting Beads (BD Biosciences, 
335925) were added directly before samples were run on a flow cytometer. For intracellular 460 
staining, cells were first surface stained and then fixed and permeabilized with 
Foxp3/Transcription Factor Fixation/Permeabilization kit (eBioScience, 005521-00) and 
stained with anti-Foxp3 (FJK-16s). CD8
+
 T cells were defined as TCRβ+CD8α+, CD4+ T 
effectors (Teff) as TCRβ+CD4+Foxp3-, Tregs as TCRβ+CD4+Foxp3+ and NK cells as TCRβ-
NK1.1
+
. All data were collected using a Fortessa 4 flow cytometer (Becton, Dickinson and 465 
Company) and analyzed with FlowJo v10 (Tree Star).  
 
Statistical analyses 
Statistical analyses were carried out using GraphPad Prism software except for the pooled 
tumor growth curves. In this setting, JMP Pro 13.2.0 (SAS) was used to pool three 470 
independent tumor growth experiments for MC38 and SM1WT1 and represented using 
random effects repeated measures regression. Comparison of different groups was done by 
using one-way ANOVA followed by Bonferroni’s post-test analysis. Log-rank sum test was 
used to compare survival curves in the aging experiments. Fisher’s exact test was used to 
compare complete response rates between Pdcd1
-/-
CD96
-/-
 and Pdcd1
-/-
 mice. Data were 475 
considered to be statistically significant where the p value was equal to or less than 0.05.  
 
 
 
 480 
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Figure Legends 
Fig. 1 Pdcd1
-/-
CD96
-/- 
or
 
TIGIT
-/-
CD96
-/- 
mice display no overt signs of autoimmunity.
 
(A, 655 
B) Groups of female C57BL/6 WT or the indicated gene-targeted mice (n=14-29) were aged 
for a period of 24 months and monitored for survival. (C, D) At 12 months of age, some WT 
or gene-targeted mice from the cohort above (n=4-5/group) were bled and the level of anti-
dsDNA antibodies in sera determined by ELISA. Sera from aged gld
-/-
 mice were used as a 
positive control. (E) From the cohort in (A), some WT or gene-targeted mice (n=4-9/group) 660 
were euthanized at the age of 21-25 months. Livers were collected, fixed and stained with 
H&E. Histological liver score for each group is shown. (F) From the cohort in (A), mice at 
25-28 weeks of age were weighed and the data shown. Data in C, D, E and F are presented as 
mean ± SEM with each symbol representing an individual mouse. Statistical differences 
between the indicated genotypes were determined by (A, B) Log-Rank sum test (*p<0.05, 665 
***p<0.001) or by (C, D, E and F) one-way ANOVA with Bonferroni’s post-test analysis 
(*p<0.05, **p<0.01). All experiments were performed once.  
 
Fig. 2 No major differences in the frequency and number of CD8
+
 T cells and Tregs 
between Pdcd1
-/-
CD96
-/-
 or TIGIT
-/-
CD96
-/-
 and their corresponding single gene-targeted 670 
mice.
 
The proportions and numbers of CD8
+
 T cells or Tregs from the spleens and lungs of 
male C57BL/6 WT or the indicated gene-targeted mice (13-15 weeks) (A, B, E, F) or from 
female C57BL/6 WT or the indicated gene-targeted mice (8-10 weeks) (C, D, G, H) (n=3-
6/group) were analysed by flow cytometry, gating on live CD45.2 cells of leukocyte 
morphology. Cell numbers are represented as per gram (g) of spleen or per total lung. Data 675 
presented as mean ± SEM with each symbol representing an individual mouse. Statistical 
differences in cell proportions and numbers between different genotypes were determined by 
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a one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05; **p<0.01, **** 
p<0.0001). Data pooled from two independent experiments. 
 680 
Fig. 3. Enhanced tumor growth suppression in Pdcd1
-/-
CD96
-/- 
mice is tumor model 
dependent. Groups of C57BL/6 WT or gene-targeted mice (n=5-9/group) were injected s.c 
with either (A) 1 x 10
6
 SM1WT1 melanoma or (C) 1 x 10
6
 MC38 colon carcinoma cells. 
Tumor sizes were determined with caliper square measurements with data represented as 
means ± SEM. Data representative of three independent experiments. Proportion and number 685 
of mice from the indicated genotype that rejected (B) SM1WT1 or (D) MC38 tumors are 
shown. Data in (B, D) pooled from three independent experiments. Statistical differences in 
tumor sizes at (A) day 21 or (C) day 19 between different genotypes were determined by one-
way ANOVA with Bonferroni’s post-test analysis (*p<0.05, ***p<0.001). (B, D) Pairwise 
comparison of complete response rates between Pdcd1
-/-
CD96
-/- 
and Pdcd1
-/-
mice was 690 
performed using Fisher’s exact test (****: p<0.0001).  
 
Fig. 4. Suppression of SM1WT1 tumor growth in Pdcd1
-/-
CD96
-/- 
mice requires CD8
+
 T 
cells, NK cells and IFNγ. Groups of C57BL/6 WT and Pdcd1-/-CD96-/- mice (n=7-9/group) 
were injected s.c with 1 x 10
6
 SM1WT1 melanoma cells on day 0. Some groups of mice were 695 
treated i.p on days -1, 0, 7 and 14 with either (A) anti-CD8β or cIg (each 100 µg/mouse) or 
(B) anti-asGM-1 or cIg (each 50 µg/mouse) or (C) anti-IFNγ or cIg (each 250 µg/mouse). 
Tumor sizes were determined with caliper square measurements with data represented as 
mean ± SEM. Experiments were all performed once. Significant differences between tumor 
sizes at day (A) 18, (B) 19 and (C) 16 were determined by one-way ANOVA with 700 
Bonferroni’s post-test analysis (*p<0.05; **p<0.01; ***p<0.001; ****: p<0.0001). 
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Fig. 5. Increased CD8
+
 T cell:Tregs and CD8
+
 T cell:CD11b
+
GR-1
hi
 ratio in SM1WT1 
tumor-bearing Pdcd1
-/-
CD96
-/- 
mice compared to WT, Pdcd1
-/-
 and CD96
-/-
 mice. Groups 
of C57BL/6 WT and gene-targeted mice (n=7-8/group) were injected s.c with either (A-D) 1 
x 10
6
 SM1WT1 melanoma or (E-H) 1 x 10
6
 MC38 colon carcinoma cells. On day 8 705 
following tumor inoculations, tumors were harvested and single cell suspensions generated 
and were analysed by flow cytometry, gating on live CD45.2
+
 cells of leukocyte morphology. 
The number of CD45.2
+
 cells (A, E) or CD8
+
 T cells (B, F) are shown. Cell numbers are 
represented as per gram (g) of tumor. Data representative of two experiments for (A, B) while 
experiment was performed once for (E, F). The CD8:Treg (C, G) and CD8:CD11b
+
GR-1
hi
 710 
(D, H) ratios in SM1WT1 and MC38 tumors are pooled from two or one independent 
experiment respectively. Data presented as mean ± SEM with each symbol representing an 
individual mouse. Statistical differences between different genotypes were determined by 
one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05, **p<0.01; ***p<0.001; 
****p<0.0001).  715 
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Supplementary Figure Legends 
 
Supplementary Fig. 1. Changes in T effector phenotype is similar between 10 weeks old 
Pdcd1
-/-
CD96
-/-
 and Pdcd1
-/- 
mice.
 
The proportions of CD8
+
 T cells, CD4
+
 T effector (Teff) 
cells and Tregs that display naive (CD44
-
CD62L
+
), central memory (CM)(CD44
hi
CD62L
+
) 
and effector memory (EM)(CD44
hi
CD62L
-
) phenotype from single cell suspensions 
processed from (A) the spleens and (B) lungs of female C57BL/6 WT or gene-targeted  mice 
(10 weeks)(n=5-6/group) and analysed by flow cytometry, gating on live CD45.2
+
 cells of 
leukocyte morphology. Data presented as mean ± SEM with each symbol representing an 
individual mouse. Statistical differences between the genotypes were determined by one-way 
ANOVA with Bonferroni’s post-test analysis (*p<0.05, **p<0.01, ***p<0.001). Experiment 
was performed once.  
 
Supplementary Fig. 2. No major changes in T cell effector phenotype between Tigit
-/-
CD96
-/- 
compared to WT, Tigit
-/- 
or CD96
-/- 
mice. From the same experiment as Fig. 2, the 
proportions of CD8
+
 T cells, CD4
+
 T effector (Teff) cells and Tregs that display naive (CD44
-
CD62L
+
), central memory (CM)(CD44
hi
CD62L
+
) and effector memory (EM)(CD44
hi
CD62L
-
) phenotype from single cell suspensions generated from the spleens of female C57BL/6 WT 
or gene-targeted mice (8-10 weeks)(n=4/group) were analysed by flow cytometry, gating on 
live CD45.2
+
 cells of lymphocyte morphology. Data presented as mean ± SEM with each 
symbol representing an individual mouse. Statistical differences between the genotypes were 
determined by one-way ANOVA with Bonferroni’s post-test analysis (**p<0.01). Data 
pooled from two independent experiments. 
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Supplementary Fig. 3. Changes in T effector phenotype is similar between 12 month old 
Pdcd1
-/-
CD96
-/-
 and Pdcd1
-/- 
mice.
 
The proportions of CD8
+
 T cells, CD4
+
 T effector (Teff) 
cells and Tregs that display naive (CD44
-
CD62L
+
), central memory (CM)(CD44
hi
CD62L
+
) 
and effector memory (EM)(CD44
hi
CD62L
-
) phenotype from single cell suspensions 
generated from the (A) spleens and (B) lungs of female C57BL/6 WT or gene-targeted mice 
(12-13 months)(n=5-7/group) were analysed by flow cytometry, gating on live CD45.2
+
 cells 
of leukocyte morphology. Data presented as mean ± SEM with each symbol representing an 
individual mouse. Statistical differences between the genotypes determined by one-way 
ANOVA with Bonferroni’s post-test analysis (*p<0.05, **p<0.01). Experiment was 
performed once.  
 
Supplementary Fig. 4. Enhanced tumor growth suppression of SM1WT1 but not MC38 
in Pdcd1
-/- 
CD96
-/- 
mice. Groups of C57BL6 WT or gene-targeted mice (n=5-9/group) were 
injected s.c with either (A) 1 x 10
6
 SM1WT1 melanoma or (C) 1 x 10
6
 MC38 colon 
carcinoma cells.  Growth curve data were pooled from three independent experiments for 
both (A) SM1WT1 and (C) MC38 tumor models and represented using random effects 
repeated measures regression. Note: regression curves are fit to square-root of tumour size, 
but plotted on original scale (mm
2
); Data in Fig. 3 are included in this analysis. (B) Weights 
of tumors were determined from the indicated WT or gene-targeted mice bearing SM1WT1 
tumors when they were euthanized at day 21. Data pooled from three individual experiments 
from (B) and presented as mean ± SEM with each symbol representing an individual mouse. 
Statistical differences (A, C) between curves were determined by using pair-wise 
comparisons (****p<0.0001) or (B) between different genotypes by one-way ANOVA with 
Bonferroni’s post-test analysis (***p<0.001, ****p<0.0001).  
 
3 
 
Supplementary Fig. 5. No enhanced suppression of SM1WT1 or MC38 tumor growth in 
TIGIT
-/-
CD96
-/- 
compared to TIGIT
-/-
 or
 
CD96
-/- 
mice. Groups of C57BL6 WT or gene-
targeted mice (n=5-9/group) were injected s.c with either (A) 1 x 10
6
 SM1WT1 melanoma or 
(B) 1 x 10
6
 MC38 colon carcinoma cells. Growth curve data pooled from three independent 
experiments for (A) SM1WT1 or from two independent experiments for (B) MC38 tumor 
models and represented by using random effects repeated measures regression. The 
regression curves were fitted to square-root of tumor size, but plotted on original scale (mm
2
). 
The same SM1WT1 tumor-bearing WT and CD96
-/-
 mice shown in Fig. 3A and Supp. Fig. 
4A are included in this analysis (A). Statistical differences between curves were determined 
by using pair-wise comparisons (***p<0.001, ****p<0.0001).  
 
Supplementary Fig. 6. Greater suppression of B16F10 tumor growth in Tigit
-/-
CD96
-/-
 
mice compared with Tigit
-/- 
or CD96
-/-
 mice. Groups of C57BL6 WT or gene-targeted mice 
(n=5/group) were injected s.c with 1 x 10
5
 B16F10 melanoma cells. Tumor sizes were 
determined with caliper square measurements with data represented as means ± SEM. 
Statistical differences in tumor sizes at day 18 between mice that lacked CD96, TIGIT or 
both  were determined by one-way ANOVA with Bonferroni’s post-test analysis (**p<0.01). 
 
Supplementary Fig. 7. Increased CD8
+
T cell:Tregs and CD8:CD11b
+
GR-1
hi
 ratio in 
SM1WT1 tumor-bearing Pdcd1
-/-
CD96
-/- 
mice compared to WT, Pdcd1
-/-
 and CD96
-/-
 
mice. From the same experiment as Fig. 5, the proportion of CD45.2
+
 cells (A, E) amongst 
total leukocytes and CD8
+
 T cells (B, F)  amongst live CD45.2
+
 population in SM1WT1 (A-
D)  or MC38 (E-H)  tumor-bearing C57BL/6 WT or gene-targeted mice (n=7-8/group) was 
determined. Data representative of two experiments for (A, B) while experiment was 
4 
 
performed once for (E, F). The CD8:Treg (C, G) and CD8:CD11b
+
GR-1
hi
 (D, H) ratios in 
SM1WT1 and MC38 tumors are pooled from two or one independent experiment 
respectively. Data presented as mean ± SEM with each symbol representing an individual 
mouse. Statistical differences in cell proportions between different genotypes were 
determined by one-way ANOVA with Bonferroni’s post-test analysis (*p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001).  
 
Supplementary Fig. 8. Increased number of CD4
+
 T effector cells and Tregs in 
SM1WT1 but not MC38 tumor-bearing Pdcd1
-/-
CD96
-/- 
and Pdcd1
-/- 
mice compared to 
WT mice. From the same experiment as Fig. 5 and Supp. Fig. 7, the number of CD4
+
 T 
effector (Teff), Tregs, NK cells and CD11b
+
GR-1
hi 
cells in (A-D) SM1WT1 or (E-H) MC38 
tumor-bearing C57BL/6 WT or gene-targeted mice (n=7-8/group) was determined. The cell 
numbers are represented as per gram (g) of tumor. Data presented as mean ± SEM with each 
symbol representing an individual mouse. Statistical differences in cell proportions between 
different genotypes were determined by one-way ANOVA with Bonferroni’s post-test 
analysis (*<0.05, ***p<0.001). Data representative of two experiments for SM1WT1 while 
experiment was performed once for MC38.  
 
Supplementary Fig. 9. SM1WT1 and MC38 tumor cells display differences in PD-L1 
expression.
 
(A-D) Expression of CD155 and PD-L1 on in vitro cultured SM1WT1 melanoma 
and MC38 colon carcinoma cell lines as measured by flow cytometry. For ex-vivo analyses, 
C57BL/6 WT mice (n=5/group) were injected s.c with either (E) 1 x 10
6
 SM1WT1 or (F) 1 x 
10
6
 MC38 cells. On day 8 following tumor inoculations, tumors were harvested and single 
cell suspensions generated and analysed by flow cytometry, gating on live CD45.2
-
 cells. 
5 
 
Data presented as (A-D) histograms with samples highlighted with light grey and negative 
controls (isotype control or FMO) with dark grey or as (E, F) mean ± SEM with each symbol 
representing an individual mouse. (E, F) Statistical differences between two groups were 
determined by Mann-Whitney (**p<0.01). Experiments were performed once.  
 
Supplementary Fig. 10. Expression pattern of PD-1, CD96, TIGIT and DNAM-1 on T 
and NK cells in MC38 or SM1WT1 tumors. Groups of C57BL/6 mice were injected s.c 
with either (A) 1 x 10
6
 SM1WT1 melanoma or (B) 1 x 10
6
 MC38 colon carcinoma cells. On 
day 21 (A) or day 20 (B) following tumor inoculation, tumors were harvested, single cell 
suspensions generated and analysed by flow cytometry. Gating on live CD45.2
+
 cells of 
leukocyte morphology, expression of PD-1, CD96, TIGIT or DNAM-1, was determined on 
CD8
+
 T cells (CD8+TCR+) and NK cells (NK1.1+TCR-). Data presented as mean ± SEM 
of the proportion of CD8
+
 T or NK cells that stained positive for the indicated receptor 
compared to isotype control or FMO. Each symbol represents an individual mouse. Data 
shown as n=8-9 mice/group from a single experiment (A) or pooled from two independent 
experiments (B).  
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TIGIT immune checkpoint blockade restores CD8+ T cell immunity against 
multiple myeloma 
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Key points: 
 
 TIGIT expression is up-regulated on CD8+ T cells during MM progression and 
is associated with impaired effector functions. 
 TIGIT-deficiency or -blockade protects mice against multiple myeloma and 
improves effector functions of myeloma patient CD8+ T cells. 
3  
ABSTRACT 
 
Immune-based therapies hold promise for the treatment of multiple myeloma (MM), but 
so far immune checkpoint blockade targeting programmed cell death protein 1 (PD-1) 
has not proven effective as single agent in this disease. T cell immunoglobulin and ITIM 
domains (TIGIT) is another immune checkpoint receptor known to negatively regulate T 
cell functions. In this study, we investigated the therapeutic potential of TIGIT blockade 
to unleash immune responses against MM. We observed that, in both mice and 
humans, MM progression was associated with high levels of TIGIT expression on CD8+ 
T cells. TIGIT+ CD8+ T cells from MM patients exhibited a dysfunctional phenotype, 
characterized by decreased proliferation and inability to produce cytokines in response 
to anti-CD3/CD28/CD2 or myeloma antigen stimulation. Moreover, when challenged 
with Vk*MYC mouse MM cells, TIGIT-deficient mice showed decreased serum M-
protein levels associated with reduced tumor burden and prolonged survival, indicating 
that TIGIT limits anti-myeloma immune responses. Importantly, blocking TIGIT using 
monoclonal antibodies (mAbs) increased the effector function of MM patient CD8+ T 
cells and suppressed MM development. Altogether our data provide evidence for an 
immune-inhibitory role of TIGIT in MM and support the development of TIGIT-blocking 
strategies for the treatment of MM patients. 
4  
INTRODUCTION 
 
MM is a largely incurable haematological cancer characterized by the expansion of 
malignant plasma cells (PCs) in the bone marrow (BM) that secrete circulating 
monoclonal immunoglobulin proteins (M-proteins).1 Immunotherapies are now being 
explored in MM and bring hope for a potential cure.2 Inhibitors of immune checkpoints 
have emerged as a powerful strategy to overcome tumor-induced 
immunosuppression.3 In particular, monoclonal antibodies (mAbs) blocking 
programmed cell death protein 1 (PD-1)/programmed cell death ligand 1 (PD-L1) 
interaction have shown significant clinical efficacy in a number of malignancies.4 
However, as a single agent, the anti-PD-1 mAb Nivolumab failed to show efficacy in a 
cohort of 27 relapsed/refractory MM patients,5 indicating that additional immune 
checkpoints might restrain immune responses against MM. 
 
 
T cell immunoglobulin and ITIM domains (TIGIT) is an inhibitory molecule expressed 
on lymphocytes that competes with the activating receptor DNAX-accessory molecule 
1 (DNAM-1, CD226) and the inhibitory receptors CD96 and CD112R for the binding of 
CD155 and CD112.6,7 TIGIT recently emerged as an attractive target for cancer 
immunotherapy8,9 and anti-TIGIT mAbs are currently being tested in phase I clinical 
trial in patients with advanced or metastatic tumors (NCT02794571). In this study, we 
investigated the therapeutic potential of targeting TIGIT in MM. 
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MATERIALS & METHODS 
 
 
Mice 
 
C57BL/6 wild-type (WT) mice were purchased from the Walter and Eliza Hall Institute 
for Medical Research. C57BL/6 Tigit−/− mice10 were kindly provided by Bristol Myers 
Squibb. C57BL/KaLwRijHsd mice were kindly provided by Dr. Peter Croucher (Garvan 
Institute of Medical Research, Darlinghurst, Australia). Mice were bred and maintained 
at QIMR Berghofer Medical Research Institute (QIMRB) and used when eight- to 
twenty-weeks old. All experiments were approved by the QIMRB Animal Ethics 
Committee. 
 
 
Preclinical MM models 
 
Experiments with Vk*MYC MM cell lines11 (Vk12653 and Vk12598) and a 5TGM1 MM 
cell line12 were performed as previously described.13 For some experiments, mice were 
treated with blocking anti-TIGIT mAbs (4B1, Bristol Myers Squibb) and anti-PD- 
1(RMP1-14; Bio X Cell) or depleting anti-CD8β mAbs (53-5.8; Bio X Cell), as indicated. 
 
 
 
MM patient samples 
 
All patients gave written informed consent and collection was approved by IUCT- 
oncopole and the CHU-Toulouse review boards. Fresh BM aspirates from MM patients 
collected at the time of diagnosis or relapse in the IUC-Toulouse (France) were 
depleted of malignant PCs using anti-CD138-coated magnetic beads (Miltenyi Biotec, 
France). Fresh BM aspirates from healthy donors were purchased from Lonza. 
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Human T cell functional assays 
 
CD138- BM cells or sorted CD8+ T cells (MoFLo Astrios cell sorter, Beckman Coulter) 
were stimulated with anti-CD3/CD28/CD2 microbeads (T cell activation/expansion kit, 
Miltenyi Biotec) or NY-ESO-1157-165 analog (SLLMWITQA, Peptide 2.0 Inc, 1 g/ml) 
with or without anti-TIGIT blocking mAb (10 g/ml, MBSA43, eBioscience). 
Intracellular cytokine staining was performed after 6 hours in the presence of APC- 
conjugated anti-CD107a (H4A3, BD bioscience) and Golgiplug (BD biosciences). 
Cytokine levels were measured in the cell culture supernatants by CBA (BD 
Biosciences) after 24 hours. Alternatively, cells were stained with Cell Trace Violet 
(CTV, Thermo Fisher Scientific) prior to anti-CD3/CD28/CD2 microbead stimulation 
followed by CTV dilution assessment 5 days later. 
 
 
Flow cytometry 
 
Single cell suspensions were stained according to standard protocols with previously 
described anti-mouse antibodies13, anti-mouse TIGIT (1G9), or anti-human CD3 
(HIT3a), CD8α (SK1), CD45RA (HI100), CD62L (DREG-56), CD69 (FN50), CD107a 
(H4A3), TIGIT (MBSA43), LAG-3 (3DS223H), PD1 (EH12.1), CTLA-4 (BNI3), Tim-3 
(7D3), anti-IFNγ (B27) or anti-TNFα (MAB11). MM patient CD8+ T cells were stained 
with PE-labeled HLA-A2/NY–ESO-1157–165 (SLLMWITQA) multimers as described 
previously14. Antibodies were purchased from eBioScience, BioLegend, or BD 
Biosciences. Data were collected with LSR Fortessa Flow Cytometer (Becton 
Dickinson) and analyzed with FlowJo (Tree Star). 
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Statistics 
 
Statistical analyses were performed with GraphPad Prism software using the indicated 
test. Data were considered to be statistically significant where the P value was equal 
to or less than 0.05. 
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RESULTS AND DISCUSSION 
 
Firstly, we analyzed TIGIT expression on immune cells in C57BL/6 WT mice. While 
TIGIT was undetectable on BM CD8+ T cells in naïve mice, it was induced following 
challenge with Vk12653 MM cells, and the percentages of TIGIT+ CD8+ T cells 
correlated with myeloma burden (Figures 1A and 1B). We also observed TIGIT 
expression on 30-40% of BM CD4+FoxP3+ Tregs in both naïve and MM-bearing mice, 
but TIGIT was undetectable on FoxP3- CD4+ effector T cells and NK cells (data not 
shown). BM CD8+ T cells from newly diagnosed or relapsed MM patients expressed 
higher levels of TIGIT (Figure 1C) than healthy donors. By contrast, NK cells and CD4+ 
T cells expressed moderate levels of TIGIT (data not shown). Compared with other 
inhibitory molecules, TIGIT was more frequently expressed on MM patient CD8+ T cells 
(Figure 1D), suggesting that TIGIT represents a major immune checkpoint in MM. TIGIT 
was preferentially expressed on memory CD8+ T cells (Figure 1E) and was associated 
with higher PD-1, CD244 and KLRG1 and lower CD226 expression (data not shown). 
Of note, no correlation was observed between TIGIT and other inhibitory receptors 
CD96, CD112R, LAG-3, CTLA-4 or Tim-3 or its ligands CD155 and CD112 on human 
MM cells,16 (data not shown). Altogether our observations suggest a role for TIGIT-
CD155/CD112 interactions in MM pathology. 
 
 
Next, we stimulated CD138- BM cells from MM patients with anti-CD3/CD28/CD2 
microbeads and compared effector functions of TIGIT+ and TIGIT- CD8+ T cells. 
Although CD69 expression revealed that both subsets were activated, TIGIT+ CD8+ T 
cells produced limited amounts of TNFα and IFNγ (Figure 1F). The terminally 
differentiated phenotype of TIGIT+ T cells in MM patients and their decreased capacity 
to produce cytokines were reminiscent of the features of exhausted TIGIT+ CD8+ T 
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cells previously reported in acute myeloid leukemia (AML) patients.15 However, in 
contrast with observations in AML,17 MM patient TIGIT+ CD8+ T cells also exhibited 
decreased CD107a expression, indicating poor killing capability (Figure 1F) as well as 
reduced proliferative capacity (Figure 1G). Similar results were obtained when TIGIT+ 
and TIGIT- CD8+ T cells were sorted prior to stimulation, demonstrating that differences 
were not caused by modulation of TIGIT expression during the assay (Figure 1H). 
TIGIT+ and TIGIT- populations were also present among NY-ESO-1 MM antigen-
specific CD8+ T cells (Figure 1I), and TIGIT expression was again associated with 
reduced TNFα production of CD8+ T cells upon stimulation with NY-ESO-1 peptide 
(Figure 1J). Although these results demonstrate that a significant fraction of TIGIT+ 
CD8+ T  cells  within  the  BM  of  MM  patients  have   anti-myeloma reactivity, we 
cannot firmly exclude that TIGIT up-regulation on CD8+ T cells might be a more general 
phenomenon and the consequence of chronic exposure to inflammatory mediators 
frequently associated with myeloma development18,19. Still, these results establish that 
in MM, TIGIT expression defines a subset of exhausted CD8+ T cells with severely 
impaired effector function. 
 
 
To investigate TIGIT’s role in MM pathogenesis in vivo, WT and Tigit-/- mice were 
challenged with Vk12653 MM cells. After 6 weeks, M-protein levels were significantly 
higher in the sera of WT mice (Figure 2A) and this was associated with improved 
survival of Tigit-/- mice (Figure 2B). The advantage conferred by host TIGIT deficiency 
against MM was confirmed with another MM cell line, Vk12598 (Figure 2C). 
Interestingly, depletion of CD8+ T cells strongly increased MM burden in Tigit-/- mice 
(Figure 2D-F), demonstrating that CD8+ T cells play a crucial role in the protection of 
Tigit-/- mice against MM. Finally, we analyzed the therapeutic potential of blocking 
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TIGIT function. Treatment with an anti-TIGIT mAb significantly reduced tumor burden 
in aggressive Vk12653 MM model (Figure 2G and 2H) and prolonged the survival of 
VK12598 MM-bearing mice in a CD8+ T cell-dependent manner (Figure 2I and 2J). 
This effect was significant compared with anti-PD-1 therapy (Figure 2I) and 
comparable to what we had previously reported when targeting CD137 in the same 
MM model13. Anti-TIGIT mAb treatment was also efficient in the preclinical 5TGM1 MM 
model (Figure 2K) and in the context of stem cell transplantation (Minnie et al., co-
submitted). Moreover, mAbs blocking TIGIT function significantly improved cytokine 
production and degranulation of MM patient CD8+ T cells (Figure 2L and 2M). 
 
In conclusion, this study highlights a predominant inhibitory role of TIGIT in anti-MM 
CD8+ T cell responses. Our data demonstrate for the first time that blocking the TIGIT 
pathway prolongs survival in pre-clinical MM models and improves MM patient CD8+ 
T cell functions, thereby providing a strong rationale for the evaluation of anti-TIGIT 
mAbs to treat MM. 
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FIGURE LEGENDS 
 
 
Figure 1. TIGIT expression on CD8+ T cells increases during MM development 
and is associated with decreased effector cell functions. 
(A) TIGIT expression on BM CD8+ T cells was analyzed by flow cytometry in naïve 
C57BL/6 WT mice (N) and 1, 2, 3 and 4 weeks post i.v challenge with 2 x 106 Vk12653 
MM cells. Data are presented as mean ± SEM of 2 pooled experiments with n = 6-14 
mice per group. (B) Percentages of BM TIGIT+CD8+ T cell from Vk12653-MM- 
challenged mice shown in A were plotted against percentages of BM MM cells in these 
mice. (C) Graphs showing the mean ± SD percentage of TIGIT+ CD8+ T cells in BM 
CD8+ T cells from healthy donors (HD n=20) and MM patients at diagnosis (n=86) or 
after relapse (n=32). (D) The expression of immune checkpoints was analyzed on MM 
patient BM CD8+ T cells by flow cytometry. Graphs show mean ± SEM from n=16-26 
MM patients. (E) Representative histogram showing the expression of TIGIT on MM 
patient BM CD8+ T cell subsets (naïve (Tn, CD62L+CD45RA+); central memory (Tcm, 
CD62L+CD45RA-); effector memory (Tem, CD62L-CD45RA-); terminal effector 
memory (Temra, CD62L-CD45RA+) and graph recapitulating the percentage of TIGIT+ 
cells shown as mean ± SEM from n = 59 MM patients. (F) MM patient CD138- BM cells 
were stimulated with anti-CD3/CD28/CD2 microbeads for 6 hours. Activation (CD69), 
intracellular TNFα and IFNγ content and degranulation (CD107a) of TIGIT- and TIGIT+ 
CD8+ T cells was determined by flow cytometry. Representative dot plots are shown 
as well as graphs displaying mean ± SEM from n = 31 MM patients. (G) MM patient 
CD138- BM cells were stained with CTV and stimulated with anti-CD3/CD28/CD2 
microbeads for 5 days. Representative histogram showing the proliferation of TIGIT- 
(black) and TIGIT+ (grey) CD8+ T cells and graph recapitulating the percentage of 
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divided TIGIT- and TIGIT+ CD8+ T cells from the same culture, n = 20 MM patients. 
 
(H) TIGIT- and TIGIT+ CD8+ T cells were sorted by flow cytometry and stimulated with 
anti-CD3/CD28/CD2 microbeads for 6 hours. TNFα and IFNγ production as well as 
degranulation were determined by flow cytometry. Data shown are from n = 8-12 MM 
patients. (I) Representative dot plot of CD8+ BM T cells from HLA-A*02+ MM patients 
stained with HLA-A*02-NYESO1-PE multimers (left) and histogram showing the TIGIT 
expression in NY-ESO1-specific CD8+ T cells (right). (J) MM patient CD138- BM cells 
were stimulated with HLA-A*02-NY-ESO-1 specific peptide (1 μg/ml) for 6 hours. 
Representative dot plots as well as pooled data from n = 6 HLA-A2+ MM patients with 
positive NY-ESO response are shown. Statistical differences between multiple groups 
were determined by one-way ANOVA with Tukey’s post-test analysis (A, D, E), 
correlations were assessed using a Pearson rank correlation test (B), and analyses 
between two groups were performed using a Mann Whitney U test (C) or Wilcoxon 
matched-pairs signed rank test (F, G, H and J). *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
 
 
 
Figure 2. TIGIT blockade improves MM patient CD8+ T cell effector functions and 
protects mice against MM. 
(A,B) C57BL/6 WT and Tigit-/- mice were challenged i.v with 2 x 106 Vk12653 MM cells. 
Percentages of serum γ-globulin were determined by serum electrophoresis at week 
6 post-MM cell injection (A) and survival was monitored overtime (B). Data are pooled 
from 2 independent experiments with n = 17-19 mice per group. (C) C57BL/6 WT and 
Tigit-/- mice were challenged i.v with 4 x 105 Vk12598 MM cells and monitored for 
survival. Data shown are from 1 experiment representative of 2, with n = 10-12 mice 
per group. (D-F) C57BL/6 WT and Tigit-/- mice were challenged i.v with 1.6 x 106 
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Vk12653 cells on day 0 and treated with anti-CD8β or control Ig (100 μg, i.p.) on days 
 
-1, 0, 7, 14, 21 and 28. At week 4 post MM inoculation, M-protein levels were 
determined by serum electrophoresis and myeloma burden in spleen (E) and BM (F) 
was determined by flow cytometry by gating on B220-CD138+CD155+ MM cells. Data 
are from 1 experiment with n = 10 mice per group. (G, H) C57BL/6 WT were challenged 
with 1.5 x 106 (triangles) or 2.0 x 106 (circles) of Vk12653 MM cells, treated with anti- 
TIGIT mAb, anti-PD-1 mAb, or control Ig (200 μg, i.p.) twice per week for four weeks. 
Graphs showing the serum γ-globulin levels (G) and the number of BM MM cells (H). 
Data are presented from three independent experiments with n=29 per group. (I, J) 
C57BL/6 WT were challenged with 4 x 105 Vk12598 MM cells, treated with anti-TIGIT 
mAbs or control Ig (200 μg, i.p.) twice per week for four weeks and monitored for 
survival. Data are pooled from 3 independent experiments with n = 19-30 mice per 
group (I). Mice were treated with anti-CD8β or control Ig (100 μg) days -1, 0, 7, 14, 21 
and 28 (n = 11-12 per group) (J). (K) C57BL/KaLwRijHsd mice (n=5 per group) were 
challenged with 2 x 106 5TGM1 MM cells, treated with anti-TIGIT mAbs or control Ig 
(200 μg, i.p.) twice per week for four weeks and monitored for survival. (L) MM patient 
CD138- BM cells were stimulated by anti-CD3/CD28/CD2 microbeads for 6 hours in 
the presence of anti-TIGIT mAbs (10 μg/ml) or control Ig (cIg). Graphs showing the 
frequencies of TNFα-, IFNγ-, and CD107a-positive CD8 T cells (n=16 MM patients). 
(M) Graphs showing the concentrations of the indicated cytokines in the supernatants 
of purified MM patient BM CD8+ T cells stimulated by anti-CD3/CD28/CD2 microbeads 
for 24 hours in the presence of anti-TIGIT mAbs (10 μg/ml) or control Ig (cIg) (n=11 
MM patients). 
(A, D-H) Data are presented as mean ± SEM with each symbol representing an 
individual mouse. Statistical differences between multiple group were determined by 
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one-way ANOVA with Tukey’s post-test analysis (D-F), differences between two 
groups were assessed using a Mann Whitney (A) or 2-way ANOVA (G, and H) or a 
Wilcoxon matched-pairs signed rank test (L and M) and differences in survival were 
determined by Log-Rank sum test (B, C, I, J and L). *p<0.05; **p<0.01, ***p<0.001, 
****p<0.0001. 
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